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PREFACE 


Tins textbook is designed for students in applied science and tech¬ 
nology, who normally lake a brief, one-year college course in general 
chemistry. About ten years ago, the authors felt the need of a book 
that would adequately present such a brief course. To meet this need, 
they prepared a mimeographed booklet, “ Notes for Chemistry 3 and 4,” 
and used it for several yeare in their classes. In expanded form, these 
notes are now presented as a textbook. 

In preparing a textbook in cliemistry for students in agriculture, 
engineering, home economics, and other applied sciences, the objective 
should be clearly defined. Obviously, few of these students expect to 
follow chemistry as a profession. Chemistry is, therefore, not to be 
their major field, but it is to serve as a basis for underetanding tlie 
nature of the materials with which they are to work and the environ¬ 
ment in which they live. To provide this basis, both the “pure 
science” of chemistry and the applications are pre^'iUed. Sections 
on fuels, foods, fertilizei's, explosives, plastics, etc., may Be assigned 
according to the special interests or needs of the class. A few of the*, 
longer chapters, for example, IX and XXVIII, ma>'l be presented in 
two assignments. An effort has been made to correlate the practical 
applications of materials with their fundamental properties. 

It is the conviction of the authors, that textbooks in gen(*ral 


chemistry contain far more material than can be adequately taught 
in a one-year course. Too much material is likely to be confusing 
rather than helpful to the average student. The choice and arrange¬ 
ment of topics included in this book have been dictated largely by 
teaching experience. For example, the cliapters pertaining to the 
metals appear approximately in the order in which the metallic ions 
are studied in qualitative analysis. Some of the reactions of the 
metallic ions in qualitative analysis are included in the chapters 
relating to the metals and their compounds. In the authors’ classes, 
about half of the laboratory work of the second semester is on (pialita- 
tive analysis. Students have a special interest in this work and, 
from it, obtain a broader knowledge of inorganic clnmiistry. 

The exercises are placed within, rather than at tfa* (Uid of, the 
chapters. This arrangement helps the student to see the n'lationship 
hedween the text material and tin* ex<*rcises. ('.nurses in which this 


vit 
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book is used should include a well-planned series of class or lecture 
demonstrations and experiments to be performed individually by the 

student in the laboratory. , . ^ , 

Authors, publishers, and industrial concerns have kindly furnished 

data and illustrative material Appreciation is expressed also to 

Profs. G. C. Chandlee and J, H, Olcwine, Department of Chemistry; 

R, C. Raymond, Department of Physics; F. G. Merkle, Department 

of Agronomy, of The Pennsylvania State College; Dr. C. H. Jeglum, 

Philadelphia Quartz Company, and Dr. E. U. Symmes, Hercules 

Powder Company. These individuals kindly read the chapters relating 

to their special fields of chemistry and offered helpful criticisms. 

Acknowledgments for their suggestions are due also to the authors’ 

colleagues, Profs. H. H. Appledorn, G. E. Cohen, A. H. Holtzinger, and 

L. R. Parks, who teach general chemistry, and to Arnold J. Currier, Jr., 

who carefully read the manuscript. The authors will gratefully 

receive corrections and suggestions that Mill enhance the usefulness 

of the book. 

Arnold J. Currier 
Arthur Rose 

StATK C<)LLEfJE, Pa. 

March, 1918 
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CHAPTER I 

ELEMENTS AND COMPOUNDS 


We live in a nuiterial world. Our existence depends upon tlie use 
of essential materials such as foods and fuels. The enjjineer, the 
farmer, the housewife, and the manufacturer all work with materials. 
Chemistry is the science tliat is concerned with the study of the com¬ 
position and the properties of these materials. Some knowledf^e of 
chemistry, therefore, is desirable in a general education and is essential 
in certain technical lields, such as engineering, agih ulture, and home 
economics. For the profession of chemistry and chemical engineering, 
several years of intensive training in chemistry are. of coui“sc. n’cpiired. 

1. Chemical Changes ami Chemistry. ChaiKjes involvUKj the 
Iransformalion of one or more kinds of rnafler info enlirrly differvnl 
kinds are called chemical chamjes. Chemistry is tlie sIikIn of tla*se 
chemical changes and includes the study of methods for (he puritica- 
tion, separation, classification, and description of all the various kinds 
of matter. The result of this study is, of coui-se. very practical since 
it gives the power to control natural or known changes, as well as the 
ability to produce entirely new kinds of matter by chemical changes. 
Chemical changes are also used to separate, to piirify, and to increase 
the supply of existing kinds of matter. Practically all the conseni- 
ences and comforts of civilized life depend upon the j)ossibility of 
using chemical changes to make kinds of matter that do not naturally 
occur on or in the earth. Much of the world's food supply is produced 
with the aid of chemicals that stimulate grow Ih or det(‘r insect activi¬ 
ties. In many cases foods are preserved (in cans or out) b> chemicals 
or chemical processes. Cooking and digestion arc esscnlialK claunical 
in nature. A large proportion of the clothing of toda> is made h\ 
processes entirely chemical in nature, while other textiles are treated 
with chemicals to clean, bleach, and dye them. The concrf'te, ste(‘l, 
glass, plaster, and mortar, the roofing, and ('veii tin' wond of tnodetii 
houses are in many cases made by ch(‘mi<'al processes or Ireati'd with 
chemicals during manufactun*. 1 he suppli(‘s ol (nels and lului<‘anls 
essentia! for transportation by automol)ile. train, airplane, and ship are 
increasingly dependent upon chemical changes. 

1 
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Exercises 

\. Name five kinds of matter which are well known or much used but which do 

not occur naturally anywhere on earth. 

2. Name five important chemical industries. 

2. Chemical Changes. If a strip of the metal magnesium 
is held by means of forceps in a bunsen burner flame, the metal 
burns rapidly, gives oif a very brilliant liglit, and is converted to a 
white ashlike residue. (The eyes should be turned away from the 
light.) In the process of burning, the magnesium combines with the 
oxygen of tlie air, forming magnesium oxide. The chemical change 
may be stated in a "word equation” as follows: 

Magnesium + oxygen forms magnesium oxide 
metal noninetal metallic oxide 

Another interesting illustration is the combination (reaction) of 
powdered iron with powdered sulfur. About 5.5 g. of powdered iron 
is thoroughly mixed with about 3.2 g. powdered sulfur in a test tube. 
Slightly heating the test tube near the top or bottom of the mixture is 
sufficient to start the reaction, which is evident by the red glow 
emitted. The brittle, dark gray product called ferrous sulfide can be 
examined by breaking the test tube after it lias cooled. The chemical 
change or reaction can be expressed by a word equation as follows: 

Iron + sulfur forms ferrous sulfide 

metal noninetal a sulfide 


Tlie weights, 5.5 g. iron and 3.2 g. sulfur, are the reacting weiglits based 
upon the atomic weiglits discussed in Sec. 7. 

I he burning of fuels, the corrosion of metals, the combustion of 
gasoline in a motor, the processes of photosynthesis, digestion, and 
fermentation, the rusting of iron, the souring of milk, the action of 
baking powder, the action on a photographic film during exposure, 
developing, and printing are all examples of chemical changes. In 
a eheinieal change, there is a change in the composition or identity of 
the substance used. 

6. Physical Changes. A piece of platinum wire held in a bunsen 
buiner flame appears to glow brightly. In contrast with copper or 
magiH'sium. however, it is not changed in the heating process. When 
(oolcd. the platinum is found to have retained its original appearance. 
Another more familiar illustration is the conversion of ice to water 
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and then to steam by application of heat, or the reverse process, the 
conversion of steam to water and to ice by removal of heat. Tiiese 
physical changes may be indicated as follows: 


Ice 

solid 


Add heat 

t water ^ steam 
liquid gus 

Remove lieut 


Although the physical state is changed from ice to water and then to 
steam (or vice versa), there is no change in the composition or chemical 
identity of the water. In other words, we may have water in the 
solid, the liquid, or the gaseous stale. 

Chemical changes may be distinguished from physical changes. 
In physical changes, no new or ditferent kind of matter is produced. 
Examples of physical changes are the melting of a solid, llie change 
of a liquid into its vapor (evaporation or boiling), and all other changes 
of state, as well as the processes of dissolving, pulverizing, crystallizing, 
distilling, and extracting. Chemical changes and physical changes 
often occur together, and of course there are some changes that are 
difficult to classify as either chemical or physical. 

4. Substances, iNIixtures, Elements, Compounds. Most 
materials found in nature or produced by chemical processes are 
mixtures of two or more substances. For example, concrete is a 
mix-ture of cement and stone. .1 suhsfance is a particular kind oj 
matter, such as salt, sugar, sulfur, or iron. A metliod can usually be 
found to separate the substances in a mixture, and thus it becomes 
possible to study each one separately in its pure state. Cliemists 
have purified, studied, named, and described more or less completely 
about 300,000 ditferent kinds of substances. The results are recorded 
in chemical journals and reference books. Practically all of this work 
has been done during the past 200 years and, of course, is still being 
continued. Very early during this work, as the number of substances 
purified became larger and larger, it became evident that many of them 
could be (1) changed {decomposed) into livo or more other suhslances or 
(2) made {synthesized) by combining two or more other substances. 

Substances possessing either or both of these characteristics were 
called compound substances, or chemical compounds, or, simply, com¬ 
pounds. There were, however, a very few substances (only a h'w 
dozen at first) that did not possess either of the above characteristics. 
These simple substances, or elements, could be ludther decomposed into. 
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Moi- made bv eombiualioii of, other siibstaiiies. Iron and sulfur are 
examples of well-known elements; salt and sugar are examples ot 

eompoiinds. . . j • ,i 

It is important to note that the above discussion is expressed in the 

past tense because during the present century met bods have been dis¬ 
covered for decomposing and syntbesizing elements. An element may 
be defined as a sithslance Ihul can be neither decomposed nor made by 
combination from other substances by ordinary chemical methods. Even 
at tbe present time, elements cannot be decomposed or synthesized 
except by certain very special types of recently developed transmuta¬ 
tion processes. These processes have been used on a large scale in the 
production of the atomic bomb. Transmutation processes involve 
changes within the interior parts or nuclei of the atoms of the elements 
concerned, while ordinary chemical changes involve only changes in the 

exterior parts of atoms. 

5. Atoms, Molecules, and Atomic Theory. The idea that, all 
matter is composed of (‘xtremely small indivisible particles or atoms 
is very old. (Jri'ck and even earlier philosophers developed this idea 
to a limited extent, but in no case was there any attempt to present 
experiments supporting their ideas or theories. The modern atomic 
theory has developed from the atomic theory of John Dalton, first 
stated by him shortly after 1800. The essential points, revised in 
accordance with modern discoveries, are given in the following section. 

6. The Modern Atomic Theory. Atoms. All substances are 
composed of very small particles called atoms. 

Morns and Elements. All the atoms of each element are almost 
exactly alike, while the atoms of different elements are distinctly 
diifereiit. (Atoms of a given element may vary in weight.) 

Molecules of an Element. Atoms of the same element may unite 
witli one another to form mole<'ules of the element. A sample of the 
(■lernent oxygtm (oxygen gas) is composed of oxygen atoms joined in 
])airs to form oxygfui, O-j. moh'cuh‘s. Some gases, c.ry., helium. He, 
contain only 1 atom in the molecule. 

Molecules of (Unufrounds. Atoms of different elements may unite 
with one another to form a molecule of some compound. A molecule 
may ('ontain 2, 3, or more atoms, but for any given compound the 
number of atoms in the molecule is always the same; for example, 
carbon dioxide, contains 3 atoms. 

.Molecules and (’.hernical Change. Chemical changes consist of the 
reaction of molecvdes or uncombined atoms of various kinds with one 
another to form molecules or uncombined atoms different from those 
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originally present. Heat, light, eleetricity, or other forms of energy 
may or may not be necessary to start and maintain such changes. 

7. Elements, Symbols, and Atomic \S’eights. A few of the 
most common chemical elements are oxygen, nitrogen, liydrogen, 
carbon, sulfur, iron, and copper. Each element has a characteristic 
symbol, such as H for hydrogen, 0 for oxygen, C for carbon, whicli is 
used not only as an abbreviation for the name of tlie element but also 
in chemical calculations to represent a definite weiijht of the element. 
To each element there is assigned an ohmic weigfd, which is tlje relalive 
iceighi of its atom compared tcith the weight of the oxygen atom (16). 
A full discussion of the method of obtaining tliese weiglits and their 
meaning and significance would require much of our time and is 
relatively unimportant at this point. It is necessary, however, to be 
able to use them. Atomic weights are not to be memorized but are 
obtained by reference to a table (see inside front cover). 


Exercise 

S. (a) Using ttjc lahle at tt»e fr»)nt of itiis book, find ttie syndiols and aloniie 
weights of 10 coniinon elements, (b) How many elements are listed in the table? 

For purposes of calculation, the symbol II represents 1.008 parts 
by weight of hydrogen; 0, 16 parts by weight of oxygen: (’. 12 parts 
by weight of carbon; 2C, twice 12 or 21 parts by weiglit t)f carbon; 
and Os, twice 16 or 82 parts by weight of oxygen. The unit of weiglit 
generally used is the gram. Any unit of widght. Iiowever, can b(‘ 
employed, provided it is used consistently thronghoni a given calcida- 
tion. In elementary chemistry courses, it is customary to neglect the 
fractions given in the atomic weight table and use the nearest whole 
number. 

8. Compounds and Chemical Formulas. A (ew common 
chemical compounds are water, sulfuric acid, sugar, and salt, h^ery 
chemical compound may be represented by a chemical formula; e.g., 
H 2 O for water, H 2 S 04 for sulfuric acid, Na(d for common salt (sodium 
chloride), C 12 H 22 O 11 for sugar. The formula not only is used as an 
abbreviation for the name of the compound, but represents a delinile 
weight of the compound—the fornmfa weight—ov the so-ealled rnnleni- 
lar weight. 

9 . Formula Weights, Molecular Weights, the Mole. Koi- 
mula weights are obtained from lormulas b\ adding tin* atomic 
weights represented by a formula. 'I hus, the lormula weight ol 
water, H 2 O, is 18. There are represented two atomic weights 
of II and one atomic weight of O. The foinmia weight of 
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H 2 SO 4 is 98; of NaCl, 58; of sufjar, 342. Each one 

weights (molecular weights) is called a mole. Thus, 18 g. H 2 O is 1 

gram mole of water; 18 lb. H 2 O is 1 pound mole ^ 

The formula of slaked lime or calcium hydroxide is Ca(011)2. 
There are represented one atomic >\eight of calcium, two atomic 
weif^hts of oxygen, and two atomic weights of hydrogen. The formula 
weight is 74. The numerical statement for the calculation of the 
formula weight of Ca(0H)2 ean be shown as follows. 


Ca 

o. 

H. 


. 40 X 1 = 40 

. 16 X 2 = 32 

. = 

Formula weight = 74 


Exercises 

Calculate the formula weights of (a) carbon dioxide, CO 2 ; (6) water. HjO; 
(f) copper sulfate. CiiSO,; (d) calcium carbonate, CaCOj. 

r>. Calculate the formula weights of (a) oxygen. O 2 : (6) sodium hydroxide, 
NaOlI; (c) sodium peroxide, NasOo', (d) glycerin, C3Hs(OH)3- 

6. Calculate the number of gram moles of each of the following; (a) 320 g. O 2 ; 
1,6) 4 g. NaOII; (c) 7.8 g. Na-^Oo; (d) 1800 g. H.O; (e) 8.8 g. COj. 


10. Calculation of Percentage Composition from Formulas. 
4’!u' formula MaCl represents one formula weight of salt (58 parts 
by weiglit) formed by the union of one atomic weight of sodium (23 
parts by weight of sodium) with one atomic weight of chlorine (35 
parts by weiglit of chlorine). From this, it follows that 


At. w t. of sodium 


23 


r , - • t .— T f- n—n- X 100 = X lOO 

rormiila weight oi sodium chloride 00 


Al. w t. of chlorine 
Formula weight of sodium chloride 


= % sodium in sodium chloride 

X 100 = ^ X 100 

08 

= % chlorine in sodium chloride 


T he jxuecmtage of oxygen in calcium hydroxide, Ca(OH) 2 , may 
he caleulaled as follows: 


16 X 2 



X 100 = 


% cxygen in calcium hydroxide 


Exercises 

7. Show how to calculate the percentage composition of (percentage of each 

element In) (fi) (b) NaOH; fr) id) COo; (e) II 2 CO 3 . 

8. Sliow how to calculate the percentage composition of (a) CuSO*; 
(/)) M(01I)3; (c) C.ir.Otl; (d) CvdlnOu. 
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11. The iMelric System. 'Die Tollowiiifj iiiiiis of Iho (iietric sys¬ 
tem with the Eiijjlisli equivalents are eommonly used in srit'iilifK^ 
work and should be memorized: 

1 kiloffiam = 


1 gram 
1 liter 


1,000 grams (g.) = 2.2 pounds 
1,000 milligrams (ing.) 

1,000 milliliters (ml.) = 1.0.">7 (piarts 
= 1,000 cubic centimeters (cc.) {approximately) 

1 meter = 100 centimeters = 30..17 inclu's 
= 1,000 millimeters (mm.) 

Exercises 

9. Convert 250 g. to («) niitligrains, {b) kilograms. 

10. How many kilograms are there («) in 220 It)., (h) in 10 Ih.? 

11. 2,500 ml. is equal to (a) how many liters. (5) liow many quarts? 

12. The height of the mercury column in a haromcttT is TOO mm. at s<'a level. 
This is equivalent to (ti) how many cenlinuMers, ih) how many inclies.^ 

si!(;gestei) ke.\i)i\<; 

The reading of selected articles in the clnMnical literature will he found very 
interesting and instruetive. lleferem‘(*s are listed at the end of most of the 
chapters. lihrarian will help locale tlie articles listi'd. Thi* ahhreviation, 
,/. Chem. Educalion, refers to the Journal of (’lieniical luliicalion: linl. Etuj. ('hern. 
refers to the periodical, Indii.'iiria! and Entfineerirnj ('firnii.':lry. Bound volumes 
of these journals are found in college and university libraries and in the larger city 
libraries. 

Coward, The Early Years of tlie \toniic Theory as Illustrated hv Dalton’s Own 
Note Books and D‘< ture Dia-r-ams. His \[>paratiis. ('hern. Kdnralion. f, 22 
(1927). 

HALVOnsoN, Chemistry in the Ser\ice of .\griciillnr<*, ,/. dhetn. EdncuHon, 15, 578 

(1938). 



CHAPTER II 

FORMULAS AND EQUATIONS 
COMBINING PROPORTIONS BY WEIGHT 

Having considered briefly the formulas of certain compounds, 
we are naturally interested in knowing how chemical formulas are 
obtained and how they are used to express chemical changes. In this 
chapter, we are to study these questions by reference to a number of 
illustrations some of which are included in the laboratory work. 

1. Methods of Obtaining Chemical Formulas. The number 
of atoms in the formula of a compound is determined by calculations 
based upon a chemical analysis giving the percentage of the reacting 
weights of each element in the compound. 


Exercises 


1. Magnesium odcle contains 60 per cent inngnesiiiin and 40 per cent oxygen. 
What is its formula? 

Firsl: Divide the weight or the percentage of each element in (he compound 
by the atomic weight of this element. 


% Ms _ 


At. wt. Mg 

_% o__ 

At. wt. 6 


60 

24 

10 

16 


= — — 2.5 at. wls. of Mg 


= ^ = 2..5 at. w ts. uf O 



Srrorid: Compare the numbers obtained in the first step to find the relative 
number of atomic weights of each element. In this cas<‘ there are just as many 
atomic weiglits of magnesium (2.5) as there are atomic weights of oxygen. The 
formula is MgO. 

2. Ferric oxide contains 70 per cent Fe and 30 per cent 0. What is its formula ? 


Fe 

_ 70 

= 1.25 

1.25 

- 1 

1 

V/ •*> 

At. wt. Fe 

56 

1.25 

X J = J 

C () 

30 

— 1 

1.87 

= 1.5 

1.5 

X 2 = 3 

\ t. 1 . ( ) 

“ 16 

— 1 .O 1 

1.25 


i’hr fni imila is Fe-^Oa. 


4. I)cri\«* iIm> formula of an oxide of nilrogeii <'oiilaining 6.3.6 per cent nitrogen 
and 31.6 por cent oxygen. 

Derive the fortmilas of the folloNving compounds: 

<ul 12.8.3 per cent carbon. 57.1.3 per cent oxygen. 

(6l 2».l (>er cent sodium, 16.1 percent nitrogen. 56.5 per c-cnl oxygen. 

8 
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(c) 25. t per cent sodium, .39.2 por roni cliloriiio, .3.5.1 per rout oxygon. 

{(i) 57.86 per cent platinum. 12.11 per cent chlorine. 

.5. For fotir dilTcront oxides <if lead, the percentage cotnpnsitions are given 
below. Derive the h)rmula of ^•aeh. 


1 

1 ' 

1 

•> 

3 

1 

IH). 

ce 

86.6 

89.65 

90,65 

0 . 

: - •> 

* • M 

1 

1.3 . 3 

1 

10.35 

9.35 


2. Empirical Formulas and Molecular Formulas. It is 
to be observed that the above method gives only tlte relative number 
of atoms in the formula and not (he total number. For instanee, with 
reference to Exercise 1, the formulas iMg202 or MgaOa also represent 
equal numbers of atomic weights of Mg and 0, and it might be that one 
of these formulas represents the actual composition of magnesium 
oxide. Thus, the method does not distinguish between the formulas, 
MgO, MgoO-a, Mg.A» etc. In practice, the results of such a calculation 
are always expressed by the simplest possible formula, which is called 
the empirical formula. Additional experiments and calculations 
(molecular weight determinations)* are required to obtain the molec¬ 
ular formula that gives the total number as well as the relative number 
of atoms in the molecule. The molecular weight of a gas or a volatile 
may be determined merely by linding the weiglit of 22.1 1. of Ihe 
gas or vapor of the licpiid at standard condilions (()°C. and 760 mm. 



pressure). The molecular weight of certain substances in solution may 
be determined by a study of the boiling point, freezing point, or vapor 
pressure. The molecular weights of solids and pure li(piids may some¬ 
times be determined by X ray or otherspecial methods. Insomecases, 
howevei, it has been impossible to determine molecular weiglits by any 
method. In such cases, there is no alternative but to use the empirical 
formula. 

3. Molecules and Formulas of Compounds. I'^acli dilVer- 
eiit compound is composed of certain elements, and the ciiemical 
formula indicates the number and kind of atoms in the compound. 
Since each kind of atom has a characteristic weight (atomic weight), 
these weights taken together according to the mimbi'r of atoms uniting 
to form the compouiul determine the delinite composition of llie 

compound. 


1 For a furtlior discussion of ilic dclorniinalion of inolivijhir weights. 

Chap. XIII. 


nTcr to 
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4. Law of Constant Composition. A given chemical com¬ 
pound always contains the same elements in a definite proportion by 
weight. The importance of this law should be quite obvious to the 
student from tlie preceding? discussions and calculations. It is the 
foundation upon wliich all quantitative chemical relationships are 
based. If the law were not true, chemistry would not be an exact 
science as it is today. The introduction of the chemical balance by 
the French chemist Lavoisier laid the foundations for understanding 
the exact weight relationships in chemical reactions. The balance is 
Still an indispensable tool in quantitative chemical work. For this 
reason, beginning students in general chemistry should, if possible, 
perform experiments involving the use of suitable inexpensive bal¬ 
ances in order to gain a real appreciation and understanding of the 

weight relationships in chemical reactions. 

5. Atoms, Molecules, and Equations. A chemical equation 
indicates the composition of the substances used and formed in a 
chemical reaction. From the equation one may calculate the relative 
weights of the various substances used and produced by the reaction. 
For example, when sodium peroxide, Na202, is placed in water, H 2 O, 
two products, sodium hydroxide, NaOH, and oxygen, O 2 , are formed. 
The equation, with the relative reading weights, for this reaction is 
indicated as follows: 

Sodium peroxide + water forms sodium hydroxide -f oxygen 


2Na,Oo 

+ 

2H-,0 

-* 

4NaOH 


O 2 

2(78) 

+ 

2(18) 


4(40) 

+ 

32 

156 

+ 

36 

—» 

160 

+ 

32 


The e((uation indicates (1) that 2 molecules of sodium peroxide (each 
containing 2 atoms of sodium and 2 atoms of oxygen) react with 2 
moh'cules of water to form 4 molecules of sodium hydroxide and 1 
molecule of oxygen, (2) that 156 parts by weiglit of sodium peroxide 
react with 56 parts by weight of water to form 160 parts by weight of 
sodium liydroxide plus 32 parts by weight of oxygen. 

The same e(|ualion could be writtim in a more complete form in 
order to show inori* readily the total number of molecules (and atoms) 
involved in the reaction: 

NaOH 

Na,0, + H,0 NaOH 

Na.O: ^ H,0 ^ NaOH 

NaOH 

It is to be noted that the total mimlx’r of atoms of sodium, oxygen, 
and liy<lrogen is the same on both sides of tlie ecjuation, namely, 4 
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atoms of sodium, 6 atoms of oxy^reii, and t atoms of liydro^jen. In 
other words, the equation is balanced. It must be kept in mind, 
however, that a ehemieal equation for a reaction must always be a 
true statement of the composition of all substances used and formed in 
the reaction. The reaction indicated above will be demonstrated in 
the study of oxygen. 

6 . Weight Relations in Chemical Reactions. Because each 
compound contains a definite proportion of each constituent element 
by weight, it is possible to calculate the weights of substances used 
and formed in a chemical reaction, provided the equation for the 
reaction is known. Consider, for example, the reaction of calcium 
oxide or quicklime with water forming calcium hydroxide or hydrated 
lime.^ The equation with the formula weights for this reaction is as 
follows: 

CaO + H,0 -- Ca(OH )3 

56 18 74 


The formula weights that represent the relative combining or reacting 
weights may be expressed in any desin'd units, e.fj.. in grams, pounds, 
or tons. The weight relationships may be expressed as follows: one 
formula weight of calcium oxide (36) reacts with one hirinula weight 
of water (18), forming one formula weiglit (71) of calcium hydroxide. 


Kxorcisos 

6. Calculate (a) the weight in pounds «)f r«Mjuired to react with 280 Ih. 

calcium oxide, (/>) the weight, in pounds, <»f calcium Indroxide that is formed. 
The problem is calculated as follows: 

(а) 56 Ih. CaO reacts with 18 lb. Ild). 

1 lb. CaO reacts with lb. Hd). 

280 lb. CaO reacts with i X 280 = *J0 Ib. water. 

(б) 56 lb. CaO forms 7-1 lb. Ca(()II) 2 . 

1 lb. CaO forms Ik- Ca(OII):.. 

280 Ib. CaO forms ":**g X 280 = 570 lb. CaiOlIi,. 

7. Calculate («) the weiglit of calcium oxide, (/i) the weight of water, reipiired 
to make 1 ton (2,000 lb.) of calcium hydroxide (h\dratc*d line*). 

Suggestion: Begin with the folhiwing staleimuil: 

71 lb. Ca(,OlI)- re<iuir<‘'< aO lb. CaO 


8. Calculate (n) the weight of water tliat will react with 7.8 g. Midiiini peroxide, 
NajOi. (6) the weight of sodium hydroxide that is fot imMl. 

9. Calculate (</) the w«*ight of sodium peroxide re<piired l<* prodia e I g. oxygen, 
(6) the weight of water retpiired. 

■ For a more di'tailiMl sludv of t lie maniifa< lme of lime, refer to ('.liaii. \ XI \. 
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I . Law of Conservation of Mass. This law, made known by 
Lavoisier in 1785 and confirmed by other investigators, may be stated 
as follows: In a chemical reaction, the total weight of the substances used 
is equal to the total weight of the substances formed. Referring to the 
reaction of calcium oxide with water (II. 6), 56 lb. calcium oxide plus 
18 lb. water equals the weight of calcium hydroxide formed (74 lb). 

Exercises 

10. Illustrate the law of conservation of mass with reference to the reaction of 
sodium pero-vide. Na^Oj, with water. ILO, forming sodium hydroxide, NaOH, and 

oxygen, O 2 - 

II. (a) Account for the loss in weight of coal when it is burned. (6) Does the 

law of conservation of mass apply in this case.^ 

12. 10 g. iron and 10 g. sulfur are mixed together and heated, forming ferrous 
sulfide. Calculate (a) which element is present in excess, (6) the weight of the 
excess (imreacted portion) of this element, (c) the weight of ferrous sulfide that is 
formed. (The equation is Fe -f S —» FeS.) 



CHAPTER III 

OXYGEN, VALENCE 


()xyg(‘n is tlic first of tlu‘ (‘Icniciits to bo roiisidi'rod bociuiso it 
(‘(nistituU'S about 50 per cont of all terrestrial matter and because 
it is essential for tlie existence of all life. 

1. Uses of Oxygen. In the natural decay of dead animal and veg¬ 
etable matter, oxygen is an important element. The physician admin- 



Fkj. 1. IIs(* of oxyp-ii in the Iiospiliil. (Linde .Mr Products Co.) 


isters oxygen to the pneumonia patient to aid in n'spiration. 
aviator must carry a supply of oxygen when Hying at high altitudes. 
In the welding and cutting of metals, oxygen is mixed with aci'tyhuK* 
gas to produce the intensely hot flame re(pnr<*<l. A large mimh»‘r 
of elements in condiination with oxygen form compounds calh'd 
oxides, many of which are very useful subslanc(‘s. 

2. History of OxygcMi. Joseph Priesth^y, an Englishman, is 
generally given l[i(‘ credit for tlie discovery of oxygen (ITTli by the 
decomposition of mercuric oxidi*. Ollier inv<‘s(igalors iMayow. 





14 


GENERAL AND APPLIED CHEMISTRY 


[Chap. 


Scheele, Lavoisier, and otluns) dad studied it in the earher >^;ars of tl e 
ei^litecnth century. In addition to Ids scientific work, Priestley devot¬ 
ed much of his time to w riting in the fields of philosophy and reh^on 
His later years were spent at the beautiful home that he built at 
Northumberland, Pa., where a inuseum was erected to preserve 

some of las books and apparatus (Fig. 2). 



{Courtesy of Dr. Frank C. Whitmore) 


Industrial Preparation of Oxygen. Pure oxygen is usually 
prepared by llielupieraelion of air, lollo\\ed by fractional distillation 
of the licpiid air to separate the nitrogen from tlie oxygen. The pure 
oxygen obtiiined is usually compressed into small steel cylinders at a 

pr(‘ssure of about l.thH) lb. per s(|. in. 

4. Laboratory Preparation of Oxygen. Oxygen may be 
prepared in small (iinmtities by the electrolysis of water (see Chap. V) 

or by the thernial decomposition of certain compounds, c.g., potassium 

chlorate. mer<-uric oxide, or lead dioxide. Sodium peroxide reacts 
with wali'i' anfl forms oxygen and sodium liydroxide. The equations 
for these reactions are shown in Sec. 6. in skeleton and in balanced 
form. TTie test for oxygmi is done by the so-called splint test. If a 
i:l(jwing splint of wood is placi-d in an atmosph(*re containing a high 
percentag(‘ of oxygen gas. the splint bursts into flame. 
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5. Chemicul Koriiiiila Tor Oxygen. 'I'lii* lormula Go is used 
to ivpivsoMl oxygen in the free stale Inu ause it can be shown tiiat the 
oxygen atoms are unit(‘(l in pairs to I’orm oxygen moleeules. One may 
write 0 for oxygen in an imbalanced or skeleton eipiation (see below), 
but in the (Inal or balanced ecpiation oxygen must be written Go. This 
does not apply to oxygen in compounds, but only to the element in 
tlie tree state. 

6. E<|iiatioiis. Skeleton lujiialioiis and lialaiteed Iiquadons. The 
Ibrinatiou of a balanced ehemii'al eipiation involves two steps: (1) 
writing the correct skeleton e(|uation and (2) balancing the skeleton 
equation. 

The fii'st groups of equations encountered are those representing 
the various methods for preparing oxygen gas in the laboratory, and 
these may be used as illustrative examples. The skeleton eipiations 
are given in tlie left-hand column and the balanced eipiations in the 
right-hand column of Table i. The ski'leton ecjuation merely gives 
the formulas (or symbols) of the substances usj'd and jiroduced. The 
balanced equations are not to be memori/ed but can be obtained 
from the skeleton eipiations by the process of balancing the skeleton 
equations. 


’r.viii.F. I 

ICgcAiioNS Foil Tin: l*ui;eAHATioN of 
Skvh'lifii I'Siiiiuliims lialanrnl luiualiatis 

1. Tlie elVect of heat* on polas'^imn chlorate: 

MnO> MnO’. 

KClOa — ' KCI + O 2 KCIO 3 — 2KC1 + 30: 

(catalyst) f (catalyst) 

2. The elVect of heat * on niercnric oxiile: 

HgO ^ Hg +0 2HgO 2Hg + O. 

mercuric mercury 
oxide 


Tlie ell'ect of lu‘at * on h‘ad dio\i<le dead [)«‘ro\irlei: 

PbO: — PbO + O 2PbO: ^ 2PbO t O: 

lead hsid 

dioxid(‘ niom*xide 

ditharj-'e) 

-1. 'File reai'tion of uater uith sodium peioxide: 

NasO: + H:0— NaOH t o 2Na,0: + 2H:0 ■ 4NaOH ) O, 

sodium sodium 

peroxiile hydroxide 

* It is not nrcoHsary to iruli<Mt<* lln* in th** 
f For u detinition (jf tin* G*rm n* ** I.. 
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Meaning of the Balanced Equation. A balanced equation is 
intended to give a statement of all the molecules and atoms present 
before and after a chemical change. The first equation in Table I fails 
to give a complete statement since 3 oxygen atoms are indicated on the 
left-hand side of the arrow but only 1 oxygen atom appears on the 

right. . 

Procedure for Balancing and Completing a Skeleton Equation. The 

skeleton equation is converted into the balanced equation in the fol¬ 
lowing manner: 

а. Note that, if the skeleton equation is changed to 

KCIO 3 ^ KCI + 30 

the equation will balance because there are as many atoms of each 
element on the right of the arrow as on the left. This equation is still 
incomplete because it indicates that the oxygen produced consists of 
indi\idual oxygen atoms uncombined with one another. Actually 
it is known that the oxygen atoms are joined in pairs to form molecules 
containing 2 oxygen atoms in each molecule. This necessitates a 
furtlier step: 

б. Doubling the entire equation gives 

2 KCIO 3 -^2KC1 + 60 

w hich may be wTitten 

2KCIO, ^2KCI + 30, 

to give tlie complete ecpiation for the reaction. 

To summarize, the equation goes through the following stages: 


( 1 ) 

KCIO, KCI 4 0 

(skeleton equation) 

( 2 ) 

KCIO 3 KCI 4 30 


(3) 

2KCI0, -»2KCI 4 60 


(t) 

2KC10, ->2KCI 4 30, 

(balanced equation) 


Tile second of the equations listed in Table I is balanced in the 
same way, but the process is even simpler: 

HgO —* Hg 4* O (skeleton equation) 

2HgO —* 2Hg + O, (balanced equation) 

The third equation in Table I is balanced in a similar manner: 

PbO, —* PbO + O (skeleton e<iuatioii) 

2 Pb 03 —^ 2PbO 4- 02 (balanee<l equation) 

The fourth equation in Table I is slightly more complicated (ll 5^ 

NajO, 4- H,0 —> NaOH + 0 fskeleton ecpiation) 

Na,0, 4 H;0-*2Na0H + 0 

2fMa;0; 4 2HjO — ^^4NaOH 4 O, (balanced equatifni) 
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Obviously, after some practice the various stops can be combined 
and the final equation written in one step. 

7. Importance of Correct Formulas and Correct Skeleton 
Equation. It cannot be loo strongly emphasized that tlie correct 
formulas of all starting materials and products must be known before 
attempting to balance an equation. Thus the skeleton equation 
must be memorized before attempting to balance it. Chemists and 
advanced students can often work out a correct skeleton equation, 
but this is possible only because they liave learned a considerable 
number of skeleton equations some of which are closely related to the 
one being worked out. In fact, after a little study, beginning students 
can do this for certain types of chemical changes. Such procedures 
are always subject to error. In the future, absolutely certain methods 
of predicting the results of experiments may be developed, but at 
present the writing of correct equations requires a knowledge of skele¬ 
ton equations or the experiments upon which tliese ecpiations are based. 


Kxereiso 

1. Copy the skeleton equations in Table I. dost* the book at»d balance the 
equations as correctly as possible without reference to the book. Then compare 
your balanced equations with those in the book. 


8. Directions for Study. It is of greatest importance that all 
exercises be carried out in a thorough and conscientious manner since a 
working knowledge of equations is a necessary requirement for effec¬ 
tive and satisfactory progress in the study of chemistry. 

9. Physical Properties of Oxygen. In chemical work, an ele¬ 
ment or compound is described by listing its physical and chemical 
properties. The meaning of these terms can be made clear by 
examples. Thus, tlie element oxygen may be described by indicating 
that it has the following physical properties: 

а. It is a gas at ordinary temperature and pressure, 

б. It is colorless, odorless, and tasteless. 

c. It is somewhat but not largely soluble in water. 

d. It is slightly heavier than air. 

In a great many cases, pliysical properties can be ex"pressed in 
numerical form. For instance, the solubility of oxygen in water is 
about 3 volumes of oxygen in 100 volumes of water (at ordinary tem¬ 
perature and pressure). Such numerical values are obtained from 
reference books when needed. 

It is to Do noted that none of the above physical properties involve 
any chemical changes. Physical properties include only those cliarac- 
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terislk-s and qualilios of a suhslaiicc «liinli do not involve any clieini- 
cal clmngje of the substance. 

It is to be clearly re< oKui/ed llial llie above facts refer only to 
oxygen in tlie free stale, wlien iincoinbined >vith other elements. 
When oxygen is united \\illi other elements as in KCIO3 or HgO, none 
of tlie above properties are noticeable. An element exhibits its own 
properties only wlien it is imcombined witli other elements. In 
compounds, tiie properties of the element are generally not in evi¬ 
dence, each compound liaving its own individual properties. This 
point may be illustrated by comparing the properties of oxygen with 

tlie properties of some of its compounds. 

10. Chemical Properties ol Oxygen. The complete descrip¬ 
tion of any substance always includes its chemical properties. Chemi¬ 
cal properties are simply tlie chemical clianges tiiat a substance will 
undergo. The chemical properl ies of oxygen may be summarized by 
stating that oxygen has a maiUed tendency to combine with other 
elements and with compounds, especially when lieated. Specific 
examples of the chemical properties of oxygen are that it unites with 
hot sulfur to form sulfur dioxidi’, and also with hot phosphorus to 
form phosphorus pentoxide. Iron burns at higir temperatures to form 
a black oxide of iron, and rusts at ordinary temperatures to form a red 
oxide. Carbon forms carbon dioxide it it burns with a plentiful 
supply of oxygen, and carbon monoxide is formed if there is a deficient 
supply of oxygen or air. Th(‘S(' and other examples are summarized 
by the following eipialions: 

Acidic Oxides (Oxides of Nonmetals) 

S + O: — SO; ifras) 

C "h Oj —* COj ffias) 

2C + 0-. — 2CO (K!is) 

4P e 50; — 2P;Oi (white solid) 

Basic Oxides (Oxides of Metals) 

2Mg -e Oj — 2MgO (while solid) 

2Ca + O; — 2CaO 

3Fe + 20,; — Fe Oj 

(l)iirniii';i 

4Fe + 30.. — 2Fe;0; 

(rii^lin;:) 

2Na + O: — Na.O. 


(white soliil) 
(hlack solid) 

(red solid) 


lij;ht yi'llow solid) 


F,\er<dse 


2. For each of the above ec^uations. iiHli<'ale the name of the oxide formed. 

11. .\eidic Oxides and llasie Oxiiles. An (iridic oxide is (in 
n.ridc Ihdl. irUm conihined ivilit ic(dri\ forms an acid. A basic oxide IS 
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an oxide fhal, when ennthined wilh wafer, forms a base or hydroxide. 
A roMsiderablr iiuiuIxm- of oxidos raMiiot hv easily lasted as aeidie or 
basie, beeause Ihey do not eondtine directly \vitli water. Those 
oxides that do eombine directly with water nia\ be elassilied by testing; 
the resultiiifj sohilion ^\ilh litmus paper, ^^hieh turns red in an acid 
solution, blue in a basic solution. 'I’he reactions of oxides with water 
are representeci l)y the fdllowinj^ e(|uations: 


SO, -f H,0 
P,Oi + 3H,0 
CO, + H,0 
CaO + H,0 
MgO + H,0 
BaO + H,0 


H,SO, 

2H,PO, 

H,C 03 

CaiOH), 

MgiOH), 

Ba(OH), 


(siilfurous acid) 
{pht)sph()ric acid) 
(carlM)nic a<*id) 

(.calciniM liydrovide) 
(ina^'iicsinin liyilroxide) 
(liarimn hydroxide) 


12. Metals and .\<Himetals. Idemenls may be divid(‘d into 
two major classes: melals (metallic elemenis) and nonmetals (nonmetal- 
lie elements). iMetals can usually l)e reeo‘:ni/ed by their metallic 

great density, and high eondiiclivily of heat and 
electrieity. They alsocombi?ie with oxygen to form basie oxides wlhh' 
nonmetals form acidic oxid(‘s. 

l*.\<*Tcise 

3. List separately the metals and mnimetals in tlie oxiiles of Sec. 11. 

13. .\ei<is. An acid mas be d(‘scribcd as a. compoutid whose 
water solution tastes s(nir and Imtis litmus red. All acids contain 
hytlrogen and a iKnunrlal, and nl'lrn oxygen as well. 'I’he s\nd)ol for 
hydrogen cons etil ionalls appt'ars lirst in I In* formula. 1-A:unples 
of acids are sulfuroiis acid. IbSO,; phosphoric acid. ll;dM)i: carbonic 
acid. ib(!().i. 

11. Bases or IIy<lro\ides. A sohd)le base or hsdroxid(‘ nuts l)e 
describ('<i as a compound wh<)S(' water sohitioti tastes l)ittcr. feels 
slippery, and turns litmus bint*. Mans bases are not sohd)le in w at(‘r. 

I he lormula o( ii base contains a inidal and the hsdroxidt* (Oil) grou[) 
or radical. I'^xamph's art‘.sodium hs droxide. <t()l I: calcium hydroxid(\ 
Ca(01f)o; magnesium hydroxide. .MgtOll)-.; jtluminum hvdroxidt' 
A1(0II)3. 

15. Kinds of C.beini<‘al (’lianges. The brief study of t)xsgen 
already madt* lias iiilrodutcd several saiii“ti«‘s of cln‘mical change. 
l)ecom/)o,sifion is the change of r»n(‘ siibshmee into (wo oi more oilier 
substances, ('ondtinalion is tin' union of two or niori' siibstnnces into 
out' substance. Oxidahon is a changt' in wliicli oxsgcn coinbiiK's wilh 
some other subslant'c. (’ond)aslioi‘ is a change aecompauied bs 
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'“*'fr “t:»Xf T*;?™ :S,rrd 

rXfton are a^rused in a broader sense, which >viU be discussed later 

(XI. 10). 

Exercise 

4. Give one example of each of the above kinds of chemical change and write 
the equation for this change. 

16. Oxidation. Oxidation is closely related to combusdon. Some¬ 
times it takes place with extreme rapidity, as in the explosion of a flash 
light powder or a flashlight bulb; in other cases, the action 
as in the rusting of iron, in the slow rotting of wood, or in animal r^pi- 
ration Almost all combustion reactions are cases of rapid oxidation. 

n. Catalysts and Catalysis. In the preparation of oxygen from 
potassium chlorate (Table I), it is found by experiment that the 
Lction proceeds much more rapidly if a small amount of a catalyst 
(MnOj or Fe^O,) is previously mixed with the potassium chlorate. 
It can also be shown experimentally that the oxygen comes from the 
potassium chlorate and not from the catalyst. A catalys (calalylic 
agent or contact agent) is any substance that changes the rate of a chemical 
reaction, without undergoing permanent change in its composition. 
the rate of the reaction is increased, as in the case of the decomposition 
of potassium chlorate catalyzed by manganese dioxide, the manganese 
dioxide is known as a positive catalyst. Substances are sometimes used 
as negative catalysts or inhibitors to decrease tlie rate of reactions, 
for example, certain rust inhibitors are added to antifreeze bqm s 

used in automobile radiators. 

It is not to be assumed that a catalyst for one chemical reaction 
will catalyze all other reactions. A catalyst is specific in its action, 
(.e.,elTective for a certain reaction or at most for a few similar reactions. 

'’l 8 . Ozone. When subjected to certain types of electric discharge, 
ordinary oxygen gas cliaiiges into ozone. This is a different form of 
pure oxygen composed of molecules each containing 3 oxygen atoms, 
O 3 . The different type of molecule results in markedly different 
properties such as a sharp odor and great chemical activity. Ozone 
changes rapidly into ordinary oxygen on standing. 

Exercise 

5. Write the equation for tiie cliange of ozone, O 3 , lo ordinary oxygen, O 2 . 

19. Valence. The formulas of the oxides of elements indicate 
varying numbers of atoms; e.g., H>0. HgO, FecOa, CO 2 , etc. It appears 
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that the eleiiicnts have llie property of conibiiiin;? in varyiiifj pro¬ 
portions. Other compounds, vjj., clilorides of elements, (‘xhihit a 
similar relationsliip as illustrated by HCl, HgCh, FeC:!.,, CCI,. The 
term valence used in connection with this combinin^^ caparit> of the 
elements. The valence of an element is Ihe nnml)er of atoms of hydroyen 
or of chlorine thal will combine wilh one atom of that element. 

20 . Radical. Elements often react together as groups known as 

radicals: e.g., NO 3 . OH, CO 3 , PO 4 , are radicals in the compounds 

H2SO4, HNO3, NaOH, H2CO3, H3PO4. A radical is a group of atoms 
that acts as a single atom. 

21. Valence Number. In order to write formulas correctly, 
it is necessary to memorize the valence numbers of the common ele¬ 
ments and radicals. The valence numbers quite generally used arc 
listed in Table II. A discussion of the furidamental theory of valence 
is presented in Chap. IX. 

Table II 

Valence Numbers 
Radicals, e.g., in Na 2 S 04 . KCIO 3 


1 + 

2 + 

3 + 

4 + 

5 + 

1 - 

— 

3- 



AI^^ 

C4COP . - 

N (variable) 

1 011 

()2 

P()4^- 

Na^ 

Ca*^ 

1 

Si'4- or 4- 

P (variable) 


1 

i 


Ba3‘' 

1 


.\s (variable*) 

' Cl 

S()i2 

1 

1 As04 


Z:i*+ 




CKb 

COV 


Cu^ 




1 

N03 



Nlb^ 

Cu2+ 



1 




Hg^ 

Ilg*^ 

1 1 







Fe*^ 

l.’(..i+ j 







Sn**- 


Sn + 






Pb^^ 

1 

Pb ^ 






Kxerci.ses 

6 . Without reference to Table II, write empiric al formulas for t la* o\iih s of Na. 
Mr, M, Sn, P. 

7. Without reference to Table II, write (‘inpirical formulas for compoumis of 
the SO^ (sulfate) radical witli Ag- Mf?. P<‘. 

Note: The total -1- valence numlnTs in a correct formula always ecpial the* total 
- valence numlHirs; e.g., in ^>2(804)3, :i(2-). or I‘V 2 ''qS() 4 ) 3 *' . 

8 . Write skc*lelon and balanced ecpiations for the* n*aclion of o\yjn*n with 
(n) zinc, (b) calcium, (r) lead, (d) tin. If an element has sev<*ral \al«*ncc*s. write* an 
(upiation to <*orrespond to c*ach vcdence. 

9. If 12.2 R. |K)tassiuni chlorate is decomposed by lu*at. cedculatc (a) the* we-iRlit 
in grams of oxygen produc<*d and {h) the* weight in gtiims of pe»tassiiim chloride* 
formed. 
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10. Ciihiilato 1//I \Ui' \v«‘i;:hl of IVJ); for titrd by lli«‘ coTdbiislioii of r>.> iron in 
(*KC ‘-vS of o\y;;»Mi aiul i/>i the wri^dit of ovsiron ommI iti this rractioii. 

11. Wliat p»T(«‘iilat:<‘ of tin* total o\>i:rii cotilrnf is reicaM'd in llu' d(‘coiiiposi- 

tioii (l)V lieat) of fach of th«“ following: r«»ni|toiiiids: («) pota.ssiuni chlorate, {b) 

\ 

riKTculic oxide, (<*) lead dioxide.^ 


sr<;(;KSTi;i) kkvdinc 

IbiowNE, Priestley's Life in Noiihiitnbcrlaiid, ./. (.hviu. hdurdhitn, 1, l.)9 (1937). 
C \n i KEi and Ke;im! xan. Mojlcrn I scs of ( >xn v'l’ii- L (.bnn. ICdimilion. 19, 91 (1 93 ») 
I'k KE.EN, DiEst l'yxph*si«)ns, ./. (ilirni. Eilncnlion. 19, 131 (1912). 


CHAPTER IV 

GASES. THE KINETIC THEORY 

The praelieal use of fjases iu itiduslry is so extensive that it is 

important lor us to consider some of their properties and tiie laws tiiat 

relate to these properties. The study of oxy^^en. a typical gas, has 

just been concluded. A few of tiie practical uses of gases are listed 
below. 

1. Gases in Industry. Oxygen. Compressed ox'^gen is stored 
in steel cylinders at very high pressure and used in the cutting and 

welding of metals and for hospital purposes. (Why is oxygen stored 
under high pressure?) 

Compressed air is required in the operation of air brak<*s. rock drills, 
and riveting machines and in the excavation of tunnels. Certain types 
ol agricultural sprayers also make use of compressed air. 

Sieam. All the various types of steam engines deptaid for their 
operation upon the power generated by steam under high jiressure. 

Fuel gases, e.g., coal gas, natural gas. and water gas, are usually 
deliven'd under pressure to the ])lace of I'onsiimptioii. 

Fe/rtgeraling Gases. For kitchen refrigerators, for meat-packing 
plants, and lor fruit cold-storage rooms, various gases are u.sed, e.g., 
ammonia, carbon dioxide, Freon, and sulfur dioxi<h‘. T'he choice of a 
suitable gas for a given type of refrigerator depends upon the ttunpera- 
ture and pressure required for liiiuefaction (e.g., critical temperature 
and pressure) and other factors. A more complete discussion of 
refrigeration is included in the study of ammonia. 

2. Properties, (iases have many j)ropeiiies that an* distinctly 
diffenml from those of liquids and .solids. One of them is that the 
volumes of all gas samples change in almost exactIv the same wav will) 
pre.ssure and with temperature chang(*s regardless of the chemical 
composition or purity of the gas. The following statements (gas 
laws) are gen(‘rally true for all gas samph's if tlie pressure is not 
extremely high and if (Ik* ti‘mp(*rature is not loo n(*ar (he t<‘mperatui'e 
of licpiefaction. 

3. Variation of Toliiine with Pressure. l>oyle’s law stales 
that Ihe volume of a sample of gas varies inversely irilli llie pressure, if 
(he lemperalure remains etmsfanl. 'riius. ineivase in pressun* causes 

S3 
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decrease in volume of the gas sample, and vice versa. (Refer to Sec. 
7 for details of pressure measurement.) 


V o: 


1 

P 


4. Variation of Volume with Temperature. Charles s law 
states that Ihe volume of a sample of gas varies directly with the absolute 
temperature, if the pressure remains constant. Thus, increase in tem¬ 
perature causes increase in volume of the gas sample, and vice versa 
or, 

V cc T (abs.) 

Absolute temperatures are obtained by adding 273* to the centigrade 
tiunperature; thus, 

r abs. = ±X. + 273 


(See Appendix, Table IT.) 

5. Partial Pressures. Dalton's law of partial pressures states 
that the sum of the individual or partial pressures of the various gases 
in a mixture of gases is equal to the total pressure of the mixture, or. 


P = Pi + P2 + P 3 • • * 


If oxygen is collected by water displacement, the gas in the bottle is 
not pure oxygen but a mixture of oxygen and water vapor. The 


1 


Pi 


jp 

1 

1 





P = Baromein'c pressure 
p^-Parh’alpressure of 
oxygen in ihe Jar 
p2~ Partial pressure of 
wafer vapor in theJar 




Fig. 1. Application r)f Dalton's law in the case of oxygen in a jar inverted over 

water. 


total pressure of sucli a sample is the sum of the individual pressures 
of the oxygen and the water vapor. To obtain the pressure of the 
ox>^gen alone, it is necessary to subtract the pressure of the water 
vapor from the total pressure. 

* The number 273 is based on the fact that, when a known volume of a gasat O^C. 
is heated 1 °C., it expands ^273 of its volume; heated to 10°C., itexpands ^^^73 of 
its volume; etc. The fraction I 273 known as the coejjicienl of expansion of a gas. 
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piffusion. Graham’s law of diffusion states that Ihe rale of 

diffusion of a gas is inversely proportional to the square root of its den¬ 
sity, or, 

1 


r a 




Thus, the lighter a gas is, llie greater its speed in passing througli a 
porous wall. 

7. INIeasuriiig the Pressure of a Sample Gas. A basic method 
for measuring the pressure of a sample of gas is to determine the 
height of liie mercury tliat the gaseous pressure will support. This 
may be illustrated by describing the method used to determine the 
pressure of the atmosphere. This is done by completely filling a 
barometer tube with mercury and then placing the tube, open end 
down, in anotlier open vessel of mercury. When the stopper is 
removed from the mouth of the tube, the mercury will fall until the 
pressure of the remaining column of mercury is just equal to tlie 
pressure exerted by the surrounding air on the surface 
of the mercury in the open vessel. Such an arrange¬ 
ment is called a barometer. There is a vacuum above 
the mercury inside the barometer lube and therefore 
no pressure on this surface of mercury. 

At sea level, the pressure of the atrnospliere is 
sufficient to support a column of mercury about 29.9 
in. (760 mm.) high. At other locations, the air pres¬ 
sure is less in proportion to the altitude above sea 
level, and so the height of the mercury column of the 
barometer will, accordingly, be less in the same pro¬ 
portion. In any one location, the pressure of the 
mercury column of tlie barometer will vary in a similar 
manner. For altitudes up to several tliousand feel, 
the barometric column drops about I in. for each 
1,000 ft. of increase in altitude. At higher altitudes, 
ranging into the stratospliere, the variation is more complex. 

The pressure of the gas in a closed pipe or tank may be measured 
by a similar method. In tliis case, the open vessel at the bas<' of the 
barometer must be replaced by a closed one and a comu'ction made 
from this closed vessel to the pijje or tank. TTie gas in the pipe or 
tank then exerts its pressure on Ihe surface of the mercury, and a 
column of mercury, of height proporlional to Ihr pressure. «ill he 
supported. Sucli an arrangemeni is called a manometer. If liic pip,- 
or tank is connected to a vacuum pump and if some t)f the gas is 



9 

760mm. 


Fk;. 2. Mercu¬ 
rial baroineler. 
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removed and its pressure llius decreased, the height of the mercury 
column will decrease. At all times the lieight of the mercury column 
is a measure of the gas pressure in the attached container. 

Spring gauges are used in many instances to measure gaseous pres¬ 
sure, but tliey must always have their scales properly marked by a 
process that involves cotnparison of the spring gauge -with a barometer 
or manometer, or a similar device. 



Fjfi. n'^rntUor nnd (Lirulr Air Produrfs Cf>.) 


Xonc o{ the methods described abov(‘ is satisfaclorv for the meas- 

I 

uifiiKMit of the pressure of gas samples collected in bottles inv<’rted 
ov<*r mercury, water, or sonu' other conrmiiig li(|ui(l. Sucli samples 
will aK\a\s be under ai)pro\iniately almos]>heric pressure. The exact 
pressure cati be deteriidiied by adjusting the bottle until the level of 
the conlining li<iuid inside the botth' is the same as the outside level. 
1 he pressure inside will then be identical with the pressure of the air 
outside, and the latter can be measured by means of a barometer. 

tor the above reasons, the pressure of an ordinary sample of gas 
is usually expressed in millimeters of mercurv or inches of meremrv. 
1 he sUiinkird pressure is the normal air pressure at sea level or 760 
mm. mercury. I his is 29.9 in. mercury, 1 atm. of pressure, or 





Sec, 8] 


GASES. THE KINETIC THEORY 


27 


appioximately 14.7 lb. per sq. in. A iiiglily compressed gas exerting 

100 times the standard pressure would be referred to as being at a 
pressure of 100 atm. 


Exercises 

1. Express in atmospheres a pressure of (a) 1,520 mm., (b) 132.3 11>. per sq. in. 

2. Express in millimeters a pressure of (a) 3 atm., (6) 0.1 atm. 

3. Chlorine gas is converted to a liquid at 18“C. and at a pressure of 6.5 atm., 
and is shipped in lank cars. What would be the pressure in pounds per stpiare 
inch in the tank oars? 

■t. What is the partial pressure of oxygen gas collected over water at a total 
pressure of 710 mm. when the water-vapor pressure Is 15 mni.? 

5. W411 the pres-sure of a sample of gas collected over water he greater or less 
than if the same sample were collected dry? 

8 . Gas Calculations. It is often necessary to know liow imicli 
the volume of a given sample of gas would increase or decrease if its 
temperature and pressure were changed to some new values. The 
new volume can usually be calculated simply by use of tlie rehition: 

New \ /original\ 

olume/ yvolurm 



X 


^ne temperature) (one pressure) 


X 


olume/ (otlier temperature) '' (oilier pressure) 

Tlie following example will indicate liow Hoyle's, Charles's, and 
Dalton’s laws and simple reasoning may be used in calculating the 
new volume. 


Example. \ quantity of oxygen collected in a bottle over water measured 
500 cc. at 25*C. and 755 mm. Calculate the volume of tlie oxygen at S.T.P. 
(S.T.P. means standard temperature and pressure of 273'' ahs. or O'C.. and 760 mm. 
S.C., or standard conditions, has the same meaning.) 


TAiiiiLAiioN OF Data 


1 

1 

1 

1 

Original 

eondilions 

New 

condi- I 
tions 

1 

Ileasoning 

\i)lume 

1 

501) cc. ’ 

1 

' I'cc. 


TVmp<*ralure 

25°C. 

298 ahs. ! 

1 

f) C. ' 
273 ahs. ' 

I)«‘cn*a.sc in temperature I'aiises (h‘- 
cn*asc in \c»hiiiic: tiicrefor«‘. multi¬ 
ply .500 cc. h\ fraction 

PrcssiiH' ' 

755 — 25,5 III III. 

nv 

751.5 iTim. 

760 mm. 

• - ♦-- - 

Increase in pressure t-aiisi‘S decreasi; 
in \<*lume: tlM-refore, multiply 500 

»'*■. l)x fraction 731.5 760 

* 


Niim<‘rieal stat'Otienl: 


•>«» X X 


1 at 0 ami 700 mm. 
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It is to be observed that three steps are used in solving this 
problem: 

The first step is a systematic tabulation of tlic information given. 
The values of volume, temperature, and pressure are indicated for the 
(nigiiud and the new conditions. The new volume is, of course, 
unknown and indicated merely by V. The centigrade temperature is 
converted to tlie absolute scale. 

Since the oxygen was collected over water, it is mixed with water 
vapor. Tlierefore, the pressure of vapor (23.5 mm. at 25°C.) is sub¬ 
tracted from the total pressure (755 mm.) in order to get the actual 
pressure of the oxygen (731.5 mm.). Tlie vapor pressure of water 
has a definite fixed value for each temperature and a table of such 
values is found in the Appendix of this book, in handbooks, and in 
laboratory manuals. This water-vapor correction must always be 
made when the gas is collected over water, but not otherwise. 

The second step involves a decision as to which temperature and 
which pressure are to be used in the numerator of the fractions in the 
calculation. This is determined by reasoning based on Boyle’s and 
Charles’s laws, as indicated in the example. If the reasoning con¬ 
cerning the temperature change indicates that the new volume will 
be smaller than the original, then the original volume must be multi¬ 
plied by a fraction that has the smaller number above and the larger 
number below. Thus, in the example, the fraction is used 

rather than ^‘^^ 273 . The same idea holds true for the pressure change. 
It is especially to be noted that the pressure change is entirely ignored 
in the reasoning concerning temperature and vice versa. 

The third step consists of writing in statement form the value of 
the new volume. In general, it is not necessary at this point to do the 
mnnerical calculation unless some use is to be made of the answer, 
since the purpose in stating these problems is to learn how^ the gas 
laws are applied and to follow through the reasoning involved. It 
is not advisable to employ the ecpiations usually given in textbooks. 
Substitution of data in a formula or equation may become merely a 
mechanical process and does not ensure a tliorough understanding 
of the gas laws and their applications. 

To understand thoroughly the above type of calculation it is neces¬ 
sary to work out a number of problems such as the following. In 
these exercises, temperature must be converted to absolute scale, but 
pressure and volume may be used in any units provided the same 
units are used throughout each exercise. Thus, it is incorrect to 
express original pressure in millimeters and new pressure in atmos- 
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pheres; if the original volume is tabulated as cubic centimeters (cc.), 
the new volume must necessarily be in the same unit. 


Exercises 

6. Show how to calculate the volunie at standard conditions of 90 cc. gas 
collected over water at 17°C. and 710 nnii. 

7. Show how to calculate the volume of 150 rc. gas at 2-IO°C. and 2«9 nun. if 
the temperature is changed to 20°C. and the pressure to 730 nun. 

8. Show how to calculate the volume of 100 cc. gas at and 770 mm., if 
conditions are changed to O'^C. and 760 mm. 

9. Calculate tl»e volume, at standard conditions, of 187 cc. hydrogen collected 
over water at 25°C. and 715 mm. pressure. 

10. Calculate the volume at standard conditions of 560 cc. gas collected over 
water at 15°C. and 750 mm. pressure. If 1 1. of the gas weighs 0.09 g. at S.C., 
find the weight of the above sample of gas. (1 1. = 1,000 cc.) 

9. Deviations from the Gas Laws. Careful experiments liave 
shown that gases do not follow the gas laws exactly. The dilferenees 
or deviations are very slight unless the gas is under high pressure or 
is near liquefaction conditions. Under sucli conditions, the deviations 
are important and must be considered in engineering problems involv¬ 
ing gases. The deviations from Boyle’s law are of two kinds: (1) 
at low pressures, gases are more compressible than Boyle’s law pre¬ 
dicts; (2) at high pressures, tliey are less compressible. 

10. Perfect Gas. An imaginary gas (hat sliows no deviations 
is referred to as a perfect or ideal gas. Boyle’s and Charles’s laws 
are often called perfeef-aas laws. 

11. Liquefaction of Gases, Critical Temperature, Critical 
Pressure. At ordinary pressure a gas may be Ihiuehed by sufficient 
cooling. A gas may be liciuefied also by sufficient increase in pressure 
if, and only if, it is below a defiiiile temperature. Tliis temperature 
(the critical temperature) varies considerably for different gases. For 
oxygen it is -119®C., for hydrogen ~210°C., for carbon dioxide 
+ 31°C., for water vapor +37 CC. ('.ritkal lemperalure is I he lem¬ 
peralure above which a gas camiol be li(|uelied by pressure alotu*. 
Critical pressure is tlie pressure necessary to li(|uefy a gas at the critical 
temperature. 


K\<Tris<‘ 


11. The critical tcm{>oraturc «>f carhoii dioxide is 31‘C. 


\\ hat docs tills iiusui I* 


12. Basic Principles of the Kinetic Theory of Gases. All IIk 
properties of gases can l)c explained if one assumes thal ga.ses ari 
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composed of small particles called molecules and that these molecules 
behave as follows: 

a. The molecules are in rapid motion. 

b. The molecules are very small and very numerous, 

c. Tlie ener^^y of attraction between molecules is very small com¬ 
pared with the enerfry of motion. 

d. Collisions between molecules take place without loss of energy. 

€. IVIolccules are small in comparison with the distances between 

tliem. 

/. Increase in temperature causes increase in speed of the molecules. 

g. Gaseous pressure is due to the bombardment of the molecules 
on the walls of the container. 

It is to be observed that none of the basic ideas of the kinetic 
theory (molecular hypothesis) admit of proof by direct observation. 
Since molecules cannot be observed, no direct test of the theory is 
possible. The theory does, however, explain a great many properties 
of gases and, as long as it does so, it is a satisfactory theory. 

1,3. Explanation of the Properties of Gases by iVIeans of the 
Kinetic Theory, a. To explain gaseous pressure, it is assumed that 
tlie molecules are in rapid motion and that their bombardment of the 
walls of the container causes the gaseous pressure. 

b. To explain the uniformity of pressure in all directions and on 
all surfaces at all times, it is assumed that the molecules are very 
small and very numerous (about 6 X 10-^ per cubic foot). 

c. To explain the great compressibility of gases, it is assumed that 
tlie molecules are small compared with the distance between 
them. 

d. To explain the ability of a gas to fill any container, it is assumed 

not only that the molecules are in motion but that their energy of 
% 

attraction is very small compared with the energy of motion and, 
therefore, there is little cohesion between molecules. 

e. To explain the absence of settling in a gas, it is assumed that 
molecular collisions take place without loss of energy (elastic collisions), 
riius, the speed a4id energy lost by 1 molecule in a collision must be 
gained by another molecule, and the average speed and total energy 
remain unchanged. 

/. To explain tlie behavior of gases when heated (Charles’s law), 
it is assumed that the increase in temperature causes an increase in 
the sp(*ed of the molecules. Thus, if a sample of gas is heated in a 
closed container, the molecules will travel back and forth between the 
walls more rapidly, will strike the walls more often and with more 
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energy* and as a result the pressure in Ihe container will increase. 
If the pressure, Le,, the number of collisions with the walls, is to be 
kept constant, the size (volume) of the container must be increased 
so that the molecules have farther to travel between collisions with 
the walls. This is, of course, a statement of Charles’s law: the volume 
of a gas increases if temperature is increased and pressure held 
constant. 


g. The liquefaction of gases on cooling is due to a gradual decrease 
in energy of motion until the attractive forces between molecules can 
increase cohesion. Ease of mixing of gases is due to the motion of 
molecules and the large free space between them. 


Exercises 

12. Use tlie kinetic theory to explain why a tin can collapse's if the air is pumped 
out of it with a vacuum pump. Do not use the words pressurv or rucuufu in your 
explanation, hut consider only the moU*cular action on the inner and outiT surfaces 
of the can. (A diagram is helpful.) 

13. A tin can containing a small quantity of boiling water collapst's after its 
ojwning is closed, and the can is suddenly cooled. Kxj>lain hy mol«*cular action. 

11. If an automohile tire is inllaled to a pressure of 30 Ih. per s(|. in. at 20°C., 
what will he the pressure if it is heaterl to .30‘’C. hy dri\ ing the car? (Assume that 
the volume of the tire remains constant.) 

1.5. The intc'rnal diameter of an air putnp is 2 in., the stroke is 10 in. .\ir going 
into the pump is at 18'’C. and 1 atm. .\fler 200 str<»kes of the pump, what pres¬ 
sure. in pounds per s(|uare itu'h. of air is producc'd in an attached tank of 2.000 cu. in. 
capacity, if the compression raisr*s the air temperature to 27 C.? (Draw a sketch. 
Assume that the air already in the tank isat 1 atm.) 


14. Kinetic Theory and Liqui<ls and Soli<ls. The kinetic 

theory may be easily related to lujuids. Basic principles a. h. d, and 

/ iti Sec. 12 are valid for the molecules of a li(|uid but r, e, and g are 

not valid since cohesion between molecules, incoinpressil)i!it>, and 

inability to fill a container completely are outstanding proptMlies of 

all lupiids. The kinetic theory is not ordinarily applied to solids 

since, in this case, the freedom of motion of the molecules is known to 

be so greatly restricted by the attraction of neighboring molecules 

that, in general, a molecule merely mov(‘s back and forih with a 

vibratory motion. 

% 

15. Hoyle’s Law and the Kinetic Theory. Boyh^'s law is 
explained by noting tliat, if a sample of gas is in a eliised eonlainer 
and if the size of llie (“ontainer (volume) is deerea.stul. all (he molecules 
will have sho[’t<*r distances to travel betw(*(*n collisions with the walls; 
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ihen'roKN in a given time there will be more collisions ^^ith the walls 
and a higher pressure. 

SUGGESTED RE.VDING 

Timm, The kinelie Molecular Theory and Us Relation to Heat J*henomena, 
,/. ('hem. Juhicaliori, 12, ;U (19lir>). 

Walthus, The Lowest Temperatures, J. Cheni. Education, 13, 172 (1936). 



CHAPTER V 

HYDROGEN. EQUIVALENT WEIGHT 


Hydrogen is of great industrial importance in the production of 
ammonia, in the hydrogenation (hardening) of vegetable oils, and in 
the cutting and welding of certain metals and alloys. The properties 
of hydrogen are of considerable interest, and some of them will now 
be considered. The various methods of preparing hydrogen will then 
be presented. In this connection we sliall learn more about acids, 
bases, and salts, and the important concept known as eijuivaleiit 
weight. 

1 . Occurrence. Although hydrogen is rarely found naturally in 
the free state, it is an important constituent of many common sub¬ 
stances, e.j/., water, acids, hydrocarbons, and carbohydrates. Hydro¬ 
gen means “water former.” 

2. Physical Properties. Probably the outstanding physical 
property of hydrogen is its low density (0.09 g. per liter at standard 
conditions). Not only is it much lighter than air, but it is the lightest 
known substance. Hydrogen is also, next to helium, the most difli- 
cult substance to liquefy, a temperature of about — 210°C. being 
required at 12.8 atm. pressure. Hydrogen also has another unusual 
property—tliat of dissolving extensively in certain metals, notably 
palladium and other related elements. Thus, 1 volume of palladium 
powder will dissolve 500 volumes of hydrogen at ordinary temperature 
and pressure. Hydrogen is an odorless, colorless, tasteless gas, with 
a relatively low solubility in water. 

3. Chemical Formula for Ordinary Hydrogen Gas. The 
formula is written H 2 to signify that Ijydrogen gas is composed of 
molecules containing 2 atoms each. In every complete and balanc(‘d 
equation involving hydrogen, the formula Ih is used. As in th(‘ case 
of oxygen, this applies onl\ to hydrogen in the free state. The for¬ 
mulas of hydrogen compounds may cotJtain 1, 2, or more H atoms, as 
in HCl, H 2 S, NH 3 , CIG. Atomic hydrogen (see Sec. t) has the simple 
formula H. 

4. Chemical Properties. L’liion ivilh Ojyfien lo Form Wafer. 


Phis may take place (luielly as in a flame, or violently when a mixture 


of hydrogen and oxygen (or air) is ignited. 


2H2 + 0. -» 2H,0 
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The equation is the same ^vllethe^ hydrogen burns or explodes or 
wliether it unites with oxygen of the air or pure oxygen. This reac¬ 
tion occurs witli the evolution of considerable lieat and is therefore 
called an exothermic reaction. When the production or use of heat by 
a cliemical reaction is of interest or importance, a ihermochemical 
equation may be written instead of the ordinary chemical equation. 

2 H 2 + O 2 —♦ 2 H 2 O + 115,600 cal. (thermochemical equation) 


In many cases, tiie exact number of calories of heat is not important 
and the symbol delta, A, is used instead. In case several different 
thermochemical equations are encountered, the symbols Ai, A 2 , etc., 
are used to distinguish the various quantities of heat concerned. 
Thus, the above thermochemical equation may be written, 

2 H 2 4 - O 2 —»2H .0 -f“ Aj (thermochemical eqU‘''tion) 

Formation of Atomic Hydrogen. At 3000°C. hydrogen molecules 
decompose, so that, by passing ordinary hydrogen gas througli an 
electric arc, atomic hydrogen is produced. 

Hj -h A. — 2H 


This is an endothermic reaction because it uses heat. The same reac¬ 
tion may occur when ordinary hydrogen gas comes in contact with 
certain catalysts and is related to the activity of these catalysts. 
\\ lien atomic hyvlrogen is used in a suitable torch, combination of 
hydrogen atoms occurs, and more heat is given off than is produced 
by tlie combustion of the same amount of molecular hydrogen. 
Advantage is taken of this fact in the atomic hydrogen electric-arc- 
welding process. 


2H - H 2 -I- A. 


thernicxhemical equation for combination 
of atomic hydrogen in atomic arc welding 


Another advantage ot the atomic hydrogen welding torch is that 
oxNgeii is not present at the point ot the weld and, therefore, the metal 
does not underjro oxidation. 


t/Xercises 


1 . Wtiy is it correct to write 2H rather than H.. in the above equation? 

2. Is tlie id)ove reaction exothermic or endothermic? 

Hrdncing Action of Hydntgcn. Hydrogen has the property of react- 
itig with certain oxygen compounds sucli as oxides in such a way that 

tlH' compound loses its oxygen, and water is formed bv the union 

% 
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of the hydrogen and the oxygen. Tims, iiydrogen passed over hot 
copper oxide results in tlie production of copper and water. 

CuO + H. Cu + H»0 

Tlie hydrogen causes the redudion of the copper oxide and is. therefore, 
called a reducing agent. Hydrogen will not reduce oxides of metals 
more active than iron. In every case, heating is necessary to cause 
the reaction to occur with noticeable speed. 


hxcmse 


3, Write balanced equations for the reduction of the following oxides, assuiiiiiig 
that the free metal is formed in every case: ^a) FejO^, (6) Ke^Oj. (r) PhOo, [d) SnO. 
{e) \g 20 . 

Synthesis of Ammonia. Probably the most important cliemical 
property of hydrogen, from an industrial point of view, is its ability 
(wlien under pressure and in the presence of suitable catalysts) to 
unite with the element nitrogen to form ammonia. 

Na + 3 Ha — 2NH3 

The perfecting of the processes for the large-st'ale production of ammo¬ 
nia by this method has had a most profound eflecl on whole nations. 
Nitrogen compounds, essential for fertilizers and explosives and 
formerly available in large ciuanlilies only through importation of 
saltpeter from Chile, can now be made anywhere in the world from the 
nitrogen of the air by using the above reaction. 

Hydrogenation Processes. 11yd rogen also has the property of 
uniting with the complicated compounds of carbon present in coal, 
crude oil, liquid vegetable oils or fats, and many related substances. 
Such reactions generally re(|uire the use of pressure and a suitable 
catalyst, and are called hydrogenation processes. The most commonly 
used catalyst is finely divided nickel. 

5. Uses of Hydrogen. A survey of the properties of hydrogen 
immediately suggests its use for inflating balloons, for scientilic experi¬ 
ments at very low temperatures, and for welding and similar piocesses 
requiring a high-temperature (lame. Ilowever. the oxyacel>leru* 
flame is much more commonly used than the hydrogen flame, llu* 
latter being used oidy for special applications such as atomic-are 
welding. As far as the amount of indrogen used is concerned, all 
these uses are comparatively unimportani when compared wiiU the use 
of hydrogen for the production of ammonia and for the Indrogeiiation 
of liquid vegetable oils to solid fats ((’risco), or the hydrogenalion of 
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coal and oil lo j)todurc gasolifielikc liquids, in industrial 
regions where gasoline and crude oil are not abundant. 

6 . Industrial Melho<ls for Producing Hydrogen. A common 
iiietliod is llic waler-gas process in which steam is allowed to react 
with carbon at a very liigh leinperalure (lOOO^C.). Often natural 
gas consisting chiefly of methane, CH4, is substituted for carbon. 
The processes are represented by the following equations: 

Q ^ H-.0 CO + H 2 (water gas process) 

CH 4 + H 2 O -*CO + 3 H 2 

The CO and Ha are usually separated by taking advantage of the fact 
that, under suitable conditions, the reaction 

CO + H.O — CO 2 + Hj 

steam 

can be made to proceed nearly to completion. The carbon dioxide 
is liighly soluble in water under pressure, and thus the hydrogen can be 
separated from the carbon dioxide. 

Hydrogen is sometimes produced industrially by the electrolysis 
of water or brine solution, also by the reaction of steam with red-hot 
iron (see below), or, for military purposes, by the reaction of water 
with an iron silicon alloy. 

7. Laboratory Preparation of Hydrogen. Electrolysis of Water. 
Hydrogen may be prepared from water by electrolysis if the water 
contains a small quantity of some acid, base, or salt lo make it conduct 
electri(‘itv. 

4 

2H2O + O2 

All of the hydrogen is liberated at the negative electrode {cathode) 
and all of the oxygen at the positive electrode (anode). The propor¬ 
tions by volume are always 2 volumes of hydrogen lo 1 volume of 
oxygen. 

Reaclion of Metals with Cold aler. Only the most active metals 
react with cftid water to produce hydrogen and a metallic hydroxide 
or base (Y. 9). Kxamples: 

2K + 2H,0--2KOH + H. 

2Na + 2H,0-^2NaOH + H. 

Ca + 2H,0 Ca(OH )2 + H. 

A simple experiment for demonstrating the reaction of sodium 
with water can be done by making use of the apparatus shown in 
tig. 2. A glass tube (1 by 20 cm.) is suspended in a 250-cc. beaker 
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containing water. A small piece of sodium about 0.5 cm. in diameter, 
when dropped into the tube, reacts rapidly with the water. A lighted 
match placed at the upper end of the tube ignites the hydrogen, which 
burns with a yellow flame due to contamination by the sodium. 

few drops of litmus solution or red litmus paper added to the water 
shows that a base (alkali) lias been formed. 



oo 


r ‘Burning 
hyc^rogen 


Sodium 


Wafer 


L 




Kk;. 2. Ueacdoii of sotliuni wilh 

water. 


Reaction of Metals with Steam. Some of tlie metals ritore active 
than hydrogen displace hydrogen from hot water or superheated 
steam. The other product is a metallic oxide. Ivxamples: 

Mg + H,0 -- MgO + H, 

3Fe 4* 4HjO — Fe.iOt + 4H: 


1 he less the activity of the metal, the slower the reaclion and the 
higher the temperature required. Metals less active than hydrogen 
do not react with water. 

Reaction of Metals wilh Acids. All im^tals more active than hydro¬ 
gen react with acid solutions, producing hydrogen and a salt t\. 9), 
the less active metals acting only very slowly. The speed of the 
reaction also varies with the acid used and wilh tlie slate of sub¬ 
division of the metal. 1‘Aamples: 


Mg 'f HjSO, — MgSOi f H,; 
Mg I 2HCI • MgClj f H.. 
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The metals Zn, Fe, A1 act similarly, giving ZnSOj, FeSO^, Al 2 (S 04 ) 3 , 
ZnCU, FeCU, AICI 3 . 


Exercise 

I. Write balanced equations for the reaction of Zn, Fe, and AJ (a) with HCI and 
(/>) with M2SO4 (six equations in all). 

Some acids, such as nitric acid, react with metals but ordinarily 
do not produce hydrogen. 

Reaction of Metals with Bases, Zinc and aluminum react with 
strong solutions of sodium hydroxide or potassium hydroxide, pro¬ 
ducing hydrogen. 

Zn + 2NaOH — Na.ZnO, + Ha 

sodium /incate 

2AI + 2NaOH + 2H,0 — 2NaAl02 + SH, 

sodium 

inetaaluminate 


8. Activity or Electromotive Series. The metals can be 
arranged in a series in decreasing order of their relative tendency to 
react with water and acids, displacing hydrogen, as follows; 

K, Na, Ca, Mg, Al, Zn, Fe, Sn, Pb, H, Cu, Hg, Ag, Pt, Au 

decreasing activity —► 


9. Bases, Acids, Salts. It has been shown in the preceding sec¬ 
tions that active metals like sodium react with water, forming bases, 
and that less active metals like zinc react with acids, forming salts. 
We sliall now examine a list ol the more common bases, acids, and 
salts atid learn the names of these compounds. (Review valence in 
Chap. III.) 


linsrs (Mftal conibincd 


witti tli(* }iydro\Nl ladicidi: 


KOH . 
NaOH. 
CaiOHi 
NH.OH 


potassium hydroxide 
sodium hydroxide 
calcium hydroxide 
ammoriitim hydroxide 


Acids lllNdrogni 


with an acid r:nli< al); 


HCI. 

H,SO.. 

HNO,. 

HC,H:0, uyv C,H,0.. f.r CH COOHi 
H.PO, 


hydrtKdtloric acid 
sulfuric acid 
nitric acid 
acetic acid 
phosphoric acid 
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Sails (Metal combined with an acid radical): 

ZnCU. 

MgS04. 

Ca(IM03)a. 

Zn(C2HaO'>)->.(. 

Na,P04. 


zinc cliloride 
magnesium sulfate 
calcium nitrate 
zinc acetate 
sodium phosphate 


Exercise 

5 * Write the formulas of the sulfates of sodium, potassium, calcium, zitic, 
aluminum. Indicate the valence of each metal and radical. 


10. Equivalent eight. Definition. Tlie e(|iiivak‘iil weight 
of an element is tlie weight tlial will displace 1.008 g. liydrogen or 
combine with 35.45 g. chlorine. The term equinilenl weujhl lias numer¬ 
ous applications in chemical work and will be referred to in the study 
of normal solutions in Chap. A ll. 

A review of several reactions, with the jitornic weights involved, 
will now be presented. (To simplify tin* relations, tlie hydrogen is 
expressed as atoms instead of molecules.) 


Na + HCI NaCi + H 
23 g. 1.0(l« g. 

Zn + 2HCI — ZnCi-. + H, H 
6r).:i g. 2O.()0ti) g. 

A1 + 3HCI — AICI 3 + H, H, H 

27 g. g. 

% 

From the definition of etpiivalcnt weight, it follows that 

(iram atomic weight of metal used 
Number of gram atomic weights of II disjilaced 

= ecpiivalent weight of the chMucnl 


Thus, the eipiivalent weights are as follows: 


23 g. Na 
1 

65.3 g. Zii 
‘ •> 

27 g. AI 
3 


2-3 g. xidiuiii 


= 32.g. zinc 


== *>.() iiluniinutii 


U is to be noted that tin* tmtidiers. 1. 2. 3, aie tlie respi'ctivi 


I h 


24 - 


34- 


valence numbers in the flirei* compounds. Nat .1. /n( Ij. M( .l,{. 1 lii'se 

relationships can b(‘ summarized in the following statement: '1 he 
eqtiivaleiif leeighl eifiials fhe (tioniir irriqhl diriiled by Ihe ruletfce iiitnihcr. 
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Exercises 

6 . Shuw the relation between the equivalent weight of the metal and the 
nuinber of gram atomic weights of combined chlorine in the three chlorides shown 

above. , 

7 . (a) Show that the equivalent weight of oxygen is 8 g. in H 2 O, CaO, AI 2 O 3 , 

SiOa, p205. {b) Calculate the equivalent weight of H, Ca, Al, Si, P, in these 

oxides. Refer to table of atomic weights (front cover). 

11. Experimental Determination of Equivalent \Veight. In 
laboratory work, it is desirable to determine the equivalent weight of 
a metal. e,g., magnesium, by reaction with hydrochloric acid. Experi¬ 
mental data and calculations for an approximate determination, taken 
from a student's notebook, are presented below. The various steps 
should bo carefully studied before beginning such an experiment. 


ETperinienfal Data: 

Weight of metal usc'd. 0.1578 g. 

Volume of hydrogen obtained. 177 cc. 

Temperature. 19“C. 

Barometric pressure. 738 mm. 

Vapor pressure of water. 16.3 mm. 

Corrected or true pressure. 721.7 mm. 


liesnils of Calculations from Experimental Data: 


Volume of hydrogen at S.C. 157.1 cc. 

Weight of hydrogen. 0.011 g. 

Equivalent weight of magnesium. 11.36 g. 

Error. 0.8 g. 

Percentage of experimental error. 6.5% 


Explanations of (Miculations: 

a. Correction of volume of hydrogen to staiulard <'ondilions: 



Original 

New 

V 

177 cc. 

r = ? 

T 

j 19X. ! 

0"C. 

1 

|292^ibs. ' 

27;rabs. 

p 

721.7 mm. 

; 760 nun. 


= 177 X 



^ 760 


157.1 cc. H 2 at S.C. 


6. (.aleulation of w»“ight of liydrog(*ii: 

cc. or 1 1. \l. at S.C. weighs 0.09 g. 


157.1 cr‘. If., at S.C. wciglis ir>7.1 X 


0.09 

1.000 


= 0.01 I g, 
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r. Calculation of c(iulvaU*nt weight of magnesium: 

The experiment, and calculations up to this point show that 0.011 g. Ha was dis¬ 
placed by 0.1578 g. Mg, or that 1 g. II. would he displaced by 0.1578/0.011 g. Mg 

and that 1.008 j;. II would be displaced by 1.008 X g. Mg. Calculation of 

the last expression gives the value 11.36 g., which is the equivalent weight of 
magnesium according to this experiment. 

d. Calculation of error and jK^rcentage of experimental error: 

The error is the dilTerence ladween the correct equivalent weight and the 
weight bmnd by the experinuMil. Tlje equivalent weight of magnesium, as deter¬ 
mined with refined apparatus and all possible precautions, always comes j)ut very 
close to 12.16, .s(^ this value is taken as the exact value. The percentage of experi¬ 
mental error is obtained as follows; 



error 

exp. error =-;— 

exact value 


A O 

X = T^'x 100 = 6.5 

IJ. If) 


Noth; The average experimental error for several hundred determiiiatlons 
made by students using v«“ry simple apparatus was le.ss tlian 5 per cent. 


Exorcises 


8 . The equivalent weight of a metal is 9. What wtdght of this metal will be 
needed to displace 3.021 g. 

9. Calculate the equivalent weight of a metal if 0.27 g. of it displac(“s 175 cc. 
Ha collcx'ted over water at 22‘*C. and 753 mm. 

10. When 2.5 g. of a metal is dissolveil in IICl. 8.57 I'c. Hj isevol\e<l (mciisured 
over water at 18°C. and 775 mm.). Cahadate the e(|uivalent weight of the metal. 


SrOGKSTKl) HKADING 

BnowNi.Ki;, Hulk Production of Hydrogen. IniL hJng. ('hem., 30, 1139 (1038). 
WuHSTKH, Hydrogenation of Tats, Ind. liny. (Ihem., 32, 1193 (1910). 



CHAPTER VI 

WATER 


Waler is the rnosl important liquid known to man. Human, 
animal, and plant life cannot exist without water for very long and, 
for this reason, the provision of adeijuate supply of it is a common 
problem in all countries. The human body contains about 70 per 
cent of w ater and many foods contain 75 per cent or more of w^ater. 
Tlie drying or dehydration of foods, therefore, is necessary when 
ec'onomy of shipping space and weight have to be considered. Milk 
powder, dried fruits, etc., are well known. 

Numerous tecimical uses of water are familiar in engineering work, 
e.g., in tlie production of steam for heat and power, as a medium for 
transmitting hydraulic pressure, and as a cooling medium in internal- 
eoitibustion engines. In short, one may say that w^ater is the great 
natural juedium of life and energy. 

1. Composition of ater by Volume, In the study of hydro¬ 
gen ( \ . 7), it was show II that, when water is decomposed by an electric 
current (electrolysis), hydrogen and oxygen are set free in the propor¬ 
tion of exactly 2 volumes of hydrogen to 1 volume of oxygen. If 
hydnjgen and oxygen are ignited by a spark in a closed glass tube over 
mercury and the tube is kept at a temperature above I00°C., it is 
always lound lliat tlie relative volumes in the reaction are, 

Hydrogen -|- oxygen forms steam 

2 \ol. or 1 vol. or 2 vol. or 

200 cc. 100 VC. 200 cc\ 

\n.v fxc.'ss (,r Iiydio-CM or of oxvfrrn will bo loft uiicornbined in 
I lie tube. (Ucl'er to (iuy-Lussiic’s law, XIII.2.) 

Kxercise 

1. If t,y,lrns;,-„ and 100 «■. oxyKi-n are mixed in acdosed lube above 100°C. 
.Old lemled by a ^p.irk. what volumes of -ases will be found in the tubo.l' 

2. Co.nposi.io,, of Water by Weight. It is important for the 
Stud.uil lo learn tliat llie cornposiliou of substances is determined 
l.N MM-y earefid experuiieutal work, usually performed bv a number of 
Iiivestigalors. hor example, Kdward Morley, at Western Reserve 

42 
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University, did extensive work on the eoinposition of water, lie 
burned liydro^jen in oxygen and, by carefully weighing the hydrogen 
and the oxygen used and the water formed, he obtained the following 
data:^ 


Grams liydrogen iised. 3.7637 

Grams oxygon iisod. 29 .}{86r) 

Grams water formed. x\ , 6.") to 


Kxcreise 

2. From Morley’s results talH>vol, eult’ulate («) tlu* poreenlage of liydrog«*ii in 
water by weight, {h) tlie pereentage of oxygen in water by weight, (e) the weight of 
hydrogen that eombined with « g. oxygen. {iD the weight of liy<lrogen Itiat eoni- 
bined with 16 g. oxygen. Derive the formula of water from the results in («) and 
(/)). 

Note: The average combining ratio obtained l)y a number of investigators is 
1.0078 g. hydrogen to 8 g. oxygen. 


3. Purification of Water. Practically all natural w aler is impure 
in a chemical sense: however, it need not be eliemieally pure in order 
to be safe for drinking. It need only be free from harmful hacleria 
and poisonous substances. Other t ypt“s of impurities are not dangerous 
to health. The impurities commonly present in natural water may he 
classified as follows: 

fl. Suspended inuffer of all kiud.s, generally clay, nmd, lettves, etc. 

/). Dissolved solids, wliicli usually eoiislst (jf mineral matter dis¬ 
solved by water on pa.sshig through tiie ground. 'Die hardness in 
water is due to this t>pe of impurity. 

c. Dissolved (lases, almost always air. 

d. Bdcleria, which are included as a separate cla.ss hccau.se of their 
importance in eomieetion with diinking water suj)plics, Uacleria may 
be found on particles of suspcjided matter. 

Numerous methods are used for the purification of walci'. In 
some cases, those methods actually |•<‘mov(‘ llic impurities from the 
water, in other oases th(*y destroy lliem hy a chemical change. Tlic 
more important methods arc as follows: 

a. Fillralion. which removes suspended matter hiil not dissolvc’d 
matter. Bacteria are tiever eompicicly reni(»V(‘(l from water l)> filtra¬ 
tion, altliougli they may he reino\(“d in j)arl hy Ibis |)roe«‘ss. It is 
desirable to use sedimentation or coagulation as a preliminary oj)era- 
tion preceding filtration (Fig. 1). 


» Am. Chem. 17, ::67 (189.', i. 
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h. Sedimenfalion or seHlinff. wliirli ivmoves llu* larger particles of 
siispcnded matter. Water-puriiiealioii plants supplying water for 
cities have larg<‘ settling basins. 

('. Codffuhfion, whieh causes small j)arlieles of suspended matter 
to become attaclu'd to larger particles so that the rate of settling of all 
the particles is considerably increas('d. f'-oagulalion is accomplished 
bv addin*; lime and an aluminum or iron salt to the impure water. 
'rhf‘ lime forms calcium hydroxide, ('a( 011 ) 2 , whicli reacts with the 
aluminum or iron salt to form a jellylilve precipitate of aluminum 





Defle: »or plate 


V/<.' I f 

D' a: n 


S-nqi'' 

ti’olcpO'f '• plve 


Manhole 
iniet baflle 


.Fine sand 
Coarse sand 
Gfoded gravel 


Row water 

Filre'ed 

woter 

cutler 


inlet f 


I'C' I l*ninmlit \)'rti(;tl |•ilflT. {(‘.oiirlrsy itf Utc Permulii C.ontpany.) 

li\dro\idi‘or iron hydroxide. T'hese jells like (gelatinous) precipitates 
hast* th*' pi(>p4‘rt\ of cau'^ing coagulalion. 

(/. liailifHj. which iisualls remoses dissolved gases and destroys 
!)a( teii;i. However, not all gases are removed and comph'te destruc¬ 
tion o| biieleria sometirnt's re(piires boiling for a considi'iable time. 

e. hislilhihoii. which produces water fiee IVom nonvolatile impuri¬ 
ties. 1 tistilled water used, for example, in storage batteries, because 
it contains no mitieral salts which might interfere with the proper 

functioning of ttie balterx. 

* 

/. ( hf'fnlcfil tff‘(tlfiieiil ot inanx kinds, one of the nurst important 
'Hiit h is tfr-atmeiit with chlorine or a similar clKMiiical (iodine. 
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bleachiiif,^ powdtM', polassium parmatifianaU'. vU\) lhal (h'slioys bac¬ 
teria but has no eil'ect on most otlior types of impurities. A variation 
of this treatment is to spray the impure water into air, whereupon 
tlie oxygen destroys tlie bacteria. A dilTerent type of eliemit'al treat¬ 
ment involves tlie addition of a water-softening substance such as 
lime, soda, or borax. These substances precipitate the soluble mineral 
salts, which can be removed by filtration. Reactions of this type are 
described in Chap. XXIX. 

Filtration, sedimentation, and even distillation and chemical 
treatment take place regularly in nature. The production of rain 
water by evaporation and condensation is essentially distillation. 
Rain water is chemically pure except for dissolved air and possibly 
a slight trace of impurity derived from dust. Natural waters are 
slowly purified from harmful bacteria and organic matter, including 
sewage, by the action of the oxygen of the air. 


Exercise 

Naiiu^ five coininon sources of uatural water aiul siij'j'esl a suitable metluul 
for purification of the water from each sourc»*. 


4. Vapor Pressure. Every liquid has a tendency to evaporate. 
The vapor formed in tliis way is really a gas and therefore exerts a 
gaseous pressure. If the liquid is in a closed container, tliis gaseous 
pressure rises only to a certain maximum value, depending upon the 
kind of litpiid and the temperature. This maximum pressure is 
called the vapor pressure of the liquid for the particular temperature. 
The values for water are given in tables usually entitled uipieous 
tension or vapor pressure of water (see Appendix). No furllier evapora¬ 
tion takes place after the gaseous pressure of the vapor has attained 
the value of tlie vapor pressure. If the container is opened, some of 
the vapor will escape, the gaseous pressure of the remaining vapor will 
decrease to less than the vapor pressure, and evaporation will again 
take place. If compressed, some of tlie vapor will condense until its 
gaseous pressure is again equal to the vapor pressure, whereupon the 
condensation will stop. 

Vapor pressure is thus a measure of the tendency of a li(iui(l to 
evaporate. It may be (hdiia^d as the highest pressure that the vapor of 
a li(piid can exert while it is in contact with the tufuid at a (jiven 
ture. Numerous solids also have a tendency to evaporat(‘. The 
principles stated above can be applied in such cases, din* \aj)or 
pressure is independent of the amount ol licpiid or solid present. 
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5. Vapor Pressure, Temperature, and Boiling Point. The 
vapor pressure ot licpiids always increases Milli temperature. The 
increase is slight at low temperatures, but becomes rapid at high 
temperatures. At certain temperatures the vapor pressure becomes 
equal to the total atmospheric pressure, and at this temperature the 
liquid boils. Thus the boiling point of a liquid is the temperature at 
which its vapor pressure equals or just exceeds the total pressure of the 
surrounding atmosphere. If the surrounding pressure is reduced, for 
instance, by placing some liquid in a bottle and pumping out some or 
all of the air in it, the liquid will boil at a temperature below its normal 
boiling point. On the other hand, if increased air pressure is applied to 
the surface of the liquid, its boiling point will be raised accordingly. 
It is important to realize that a given liquid has a different boiling 
point for eacli different pressure; when the pressure is fixed, the boiling 
point is also fixed. Application of more lieat to a boiling liquid does 
not raise the temperature. 

Exercises 

1. What is the approximate vapor pressure of boiling water? 

5. Is the temperature of boiling water always exactly 100®C. (212®F.)? 

6. What pressure must exist in order for pure water to boil at exactly 100®C.? 

at at 30°C.? 

7. Explain the operation of the vacuum evaporator used in the sugar-refirihig 
process, in terms of boiling point and vapor pressure. 

8. ICxplain the operation of pressure cookers in terms of boiling point and vapor 
pressure. 

6. Chemical Properties of \^ater. The reactions of Mater 
Milli metals, and Mith acidic and basic oxides, and the decomposition 
of water by electrolysis have already been studied. 


F^xercises 

9. Write erpiations for the reaction of water or steam with (a) sodium, (6) 
{)<ttas>inm, (c) calcium, (d) magnesium, iron. 

10. Write e(piations for the reaction of water with two basic oxides and with 
three acidic oxides. 


\\ alcr is not easily decomposed by heat. A temperature of 1000®C. 
produces no appreciable decomposition. Water combines with many 
salts to form hydrates. 

7. Hydrates. If a solution of copper sulfate is allowed to evap¬ 
orate until crystallizalion occurs, the crystals are found to have 
liie composition ('uSO^dbO)^. This formula is usually M'ritten 
(-uSOj oHoO. Otiier common liydrates may be made in a similar 
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manner and have compositions as I’ollows: ZnS 04 - 71 l 20 ; BaClo ^HjO; 
IMgSOrTHaO; CaS 04 - 21 T 20 ; and NaaCOa lOli.O. A hydrate is a 
compound formed by the union of water with a salt and from wliich 
water is easily removed by heat. Some hydrates are liquids, but most 
common ones are solids. It will be noted that the number of molecules 
of water united with a molecule of salt varies in an irregular manner 
and that ordinary rules of valence are of no use in attempting to 
work out the correct formula for a hydrate. The water that is com¬ 
bined with llie salt is called waler of cryslallizafion or wafer of hydrafiort. 
A salt without water of crystallization is referred to as an anhydrous 
sail. An equation for the formation of a hydrate is written: 

CUSO 4 -I- 5H.O ^ CUSO 4 5H,0 

The efTecl of heat on a hydrate may be expressed by (he reverse 
of the equation just given. The loss of water from a hydrate or other 
substance is known as dehydralion. K practical illustration of th(‘ 
reversible process of dehydration-hydration is the formation of plaster 
of paris from gypsum by dehydration and the subsequent hardening 
of the plaster by hydration. Plaster of paris is widely used for making 
surgical casts for broken bones arid for the formation of interior decora¬ 
tive forms. The equation for this reaction is as follows: 

doliydralioii 

2 {CaS 04 - 2 H, 0 ) ^ ' ~ (CaSO.)..-H..O + 3H,0 

gypsum hydration plaster of paris 

Kxfrciscs 

11. Write (‘(piulions for llie elVoct of lu^at on each of the hydrates >\liose for- 
nmlus are gi\ en in tlu* prece<ting paragraph. 

12. Sliow how to calculate the p(*rcentag<* of wat<*r in two of the aho\e 
hydrates. 

PI. Show liow It) cali’idate the percentage of water lost in the formation of 
jilaster of paris from gypsum. 

The number of moles of water per mole of salt in a hydrate is 
determined in the laboratory by (he following method. A known 
weight of the pure hydrate is heated to constant weight in a crucible. 
The loss it) weight (weight of water) is dividt'd by the molecular w(*iglit 
of water. The weight of the r(‘sidue (weight of anhydrous salt) is 
divided by the molecular weight of the anhydrous salt, 'riie.se two 
quotients reduced to lowest teiJtis indicate the relative number of 
moles of water p(“r mo!(‘ of anhydrous sail. 'Fhis method is based 
upon two assunqdions: (1) that all of the water is dri\en off by h(‘at 
and (2) that tin* anhydrous salt is not decomposed by In'al. 




11. When 2.TT g. of a hydrate of barium chloride was heated to constant 
weight in a crucible, there was a loss in weight of 0.12 g. (of water). Derive the 
formula of the hydrate from these data. Show all calculations. 


8. Efflorescence. Efflorescence is the loss of water from a hydrate 
into the siirroundinij atmosphere at ordinary temperature and pressure. 
Not all hydrates undergo efflorescence. The water of crystallization 
of a hydrate has a deiinite tendency to escape from the crystalline 
hydrate into the surrounding atmosphere. This tendency of the water 
of crystallization to evaporate is measured by the vapor pressure of 
the hydrate. Some hydrates have relatively large, and others very 
small, vapor pressures. A hydrate wiW effloresce only if its vapor pres¬ 
sure is greater tlian the pressure of the water vapor in the surrounding 
air. An anhydrous salt will spontaneously take on water from the air 
if the hydrate formed has a vapor pressure lower than the pressure of 
the water vapor in the surrounding air. The vapor pressure of a hy¬ 
drate is analogous to the vapor pressure of liquid water. 

9. Deliquescence. Deliquescence is the absorption of water by 
n substance from the surrounding atmosphere. It may be regarded as 
the reverse of efflorescence. Salts that are very soluble in water, e.g., 
calcium chloride, exhibit this property. The salt tends to dissolve in 
the absorbed water and form a saturated solution, the vapor pressure 
of which is lower tlian the vapor pressure of the water vapor in the 
surrounding atmosphere. Practical use of this property is found in 
the application of calcium cldoride to dirt roads to prevent dust 
formation. 

10. Reversible Changes and Equilibrium. The evaporation 
and condensation of w ater provide an example of a reversible physical 
cliange. .\ reversible change is one that may take place in both 
the forward and the reverse direction. In the case of the evapora¬ 
tion and condensation of water, both changes are always going on at 
the same time. Tlie explanation for tins arises from the kinetic 
molecular hypothesis. Any sample of liquid water is continuously 
losing some of its more rapidly moving molecules to the surrounding 
atmosphere, and is also continuously regaining water molecules from 
the atmosphere. If the number of molecules leaving the liquid is 
greater than the nurnlxT returning, the process is called evaporation 
because the condensalion cannot be observed. If the number of 
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of molecules leluiiiiiig equals the number leaviiifj, iieilher evaporation 
nor condensation can be observed and a state of equilibrium exists. 
This is the situation within a stoppered bottle partly filled with water. 
Both evaporation and condensation are froing on, but neither process 
can be observed because the two opposinj; changes are going on at 
equal rates. The three cases may be represented by diagrams (Fig. 2). 


1 


ii 


Evoiporiation Condensation Equilibriurn 

Fio. 2. EvapuratiouH-ondonsation oquilihriuin. 

The formation and decomposition of a hyilrate provide an example 
of a reversible cliemical reaction (VIII, 2), and may be represented 
by an equation with double arrows, as follows:' 

CuS 04-5H;0 4=: CuS 04 + 5H;0 

Obviously, the effect of heat must be greatly to iia rease the rate 
of the forward action, so that it alone is noticeable. When the amount 
of moisture in the air (pressure of water vapor in air) is relatively 
small, the reverse reaction (•^) is necessarily slow and only the forward 
reaction is observed, i.e., the hydrate undergoes efilorescence. If tin* 
air is moist or if tlie forward reaction is limited, the situation will be 
reversed. If the hydrate is kept in a closed bottle, a state of eijuilib- 
rium will soon be reached. 

11. Characteristics of Kquilihriiitii. Ivpiilibiium is charac¬ 
terized by 

a. Two opposing processes. 

b. Equal rates for tlie two opposing processes so lliat no net cliange 
is observable. 

c. A slight change in condition disturbs the ei|uilibriuni bec'ausc' 
the change increases or decreases the rate of one process more than 
the other. 


Kx<*r<‘ises 

15. Wbal are the two ciiaiif'c^s goirifr on at <Mpial rairs in a >loppn'«‘(l lioltle 
partly full of watcT? 

‘Other hydrates, CuS 04 :UIj() and ('.uSO, 1 [..() are formed at d<*rniit<- \apor 
pressures. 
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16. Uiul.T «liat Cdtuiiti.m will water fail to evaporate from an open vessel? 

17. Explain in terms of vapor pressure why water usually evaporates com¬ 
pletely from an open vessel hut not from a closed vessel. Give the same explana¬ 
tion in tertus of the kinetic tla'ory. 

18. \Miat would liappen to a small piece of ice if kei>t in a very larfje stoppered 
hottle of dry air at 0 C.? 

Ih. \Vhat determines the loss of moisture from foods stor<‘d in a r( ftigerator? 
|[ow can this loss he de<Teased? 

20. Explain why blue vitriol. CuSOi-alEO. sometimes appears white-. How 
eamld thiscohir chanfie* he prevented? 1 Uefer to laboratory work.) 


si (;(;i:sTKi) kkadim; 

Wi’.s'i'oN. ^\ater pollution, hid. (du'iu.. .11, l.il 1 (lO.ih). 

SkianooI), lh*avy Water, ./. (.hem. hdiiealiou, 18, .)1.) (PHI}. 
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CHAPTER VII 

SOLUTIONS 

Ocean water contains about 3 per cent dissolved salts, principally 
sodium cliloride. and may be regarded as tlie best known example of 
a solution. The properties of solutions are of great interest and 
importance both in theoretical and in applied chemistry. When we 
add a small amount of ordinary table salt, NaCl. to a glass of watt-r, 
we observe that the salt tends to disappear or dissolve in the ^\ater, 
that no salt settles out of the solution, and that variable amounts of 
salt can be dissolved in the water. 

1. nefinitioii an<l Characlerislics of a True Solution. .1 (rue 

solulwn is a homogeneous mijiure of (wo or more suhslanees and has the 
following characteristics: (1) spontaneous formation, (2) subdivision 
down to molecular magnitudes, (3) absence of settling, (I) no tixed 
proportions of the suhslanees used, as in the case of a comi>omHl. 

2. Types of Solutions. Solutions mav be formed bv dissolvin'' a 
solid in a licpiid, one liquid in another (alcohol in wal(M). a gas in ii 
liquid (C.oea-(.ola), one gas in anothei’ (air), a gas in a solid, a li(|uid 
or solid in another solid. The first four types are the most e(nmnon. 

3. DilTerence between Dissolving and .Alelling, d’he <lissol\- 
iiig of a solid in a licpiid should not be confused with the im'lling of a 
solid. In both cases, a solid disappeai-s into a licpiid. In iiK'lting, 
the solid and the litiuid are tiie same substance; in dissolving, the 
lujuid and the solid are dill'erenl substances. Application of heat is 
essential to form the li(iuid in melting; heat is involved to a lesser 
extent in dissolving a solid in a li(iuid. 

4. Solute and Solvent. In the cases of solids or gas(‘s dissohed 
in li(]uids, the licpiid is called the solvent and the solid or gas (the 
dissolved substance) is called the solule. 

5. Solutions and the Kinetic Theory. Wh<*n(‘ver a solution 
is in contact wit li an exc<*ss of solute, t wo opposite proc(“sses (dissolving 
and crystallizing) are continuously going on. This means that solute 
molecules are (1) leaving the ci'>stal and going into the solutitai (<iis- 
solving) and (2) returning from iIm* solution to be (h-posiled on the 
crystal (crystallization). 
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6. Saturated Solution. A saturated solution may be defined as 
one of such strength that, when placed in contact with an excess of solute, 
it is in equilibrium. In this case, crystallization and dissolving are 
taking place at the same rate; Le., the same number of molecules 
leave and return to the solid in any period of time. This is obviously 

a case of equilibrium. 

An unsatarated solution is one that is less concentrated (weaker) 
than the saturated solution at the same temperature; a supersaturated 
solution is more concentrated (stronger) than the saturated solution 
of the same substance at the same temperature. If the solution is 
unsaturated, dissolving is more rapid than crystallization; t.e., more 
molecules are leaving the crystal than are returning to it. If the solu¬ 
tion is supersaturated, crystallization is more rapid than dissolving, 
i.e., more molecules deposit on the crystal than dissolve from it. 
These three types of solutions may be distinguished from one another 
by addition of a crystal of solute. In the case of the unsaturated 
solution, the added crystal will dissolve; in the case of the saturated 
solution, the added crystal will remain unchanged; in the case of the 
supersaturated solution, more crystals wiW form around the original 
added crystal. 

7. Solubility and Insolubility. There is a maximum amount 
of solute that can be dissolved at a given temperature in a given 
amount of solvent by mixing the two and shaking the mixture. This 
maximum is called the solubility. Thus, not more than 35.86 g. 
common salt can be dissolved in 100 g. water at ordinary temperature 
(18°C) by shakiiig solid salt with water. The solubility of common 
salt is said to be 35.86 g. per 100 g. water at 18°C. 

Similarly, as much as 0.00013 g. silver chloride AgCl, can be dis¬ 
solved in 100 g, water at ordinary temperature (18°C.), So the solu¬ 
bility of AgCl is said to be 0.00013 g. per 100 g. water. When the 
solubility of a substance is very low, it is often spoken of as insoluble. 
Actually, of course, it is very slightly soluble. Solutions such as 
those mentioned above are of course saturated solutions since, after 
thorough shaking of solute and solvent, equilibrium must be established. 


Exercises 

1. From the solul)ility tahh* in th<‘ Appendix, list the formulas of Gve other 
insoluhlo salts. 

2. Kiiui 11lf’soluhilil N at 18 C. of (‘ach f»f llu'following: NaOH. NajCOa, CaCh. 

MgS 04 . ZnCOa. 

Notk: At this point tin* instructor may prefer to take up Secs. 17 to 21 
■’Methods of Expressing CoTJcentration of Solutions”). 
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8. Temperalurc aiul the Solubility of Soliils in l.i<,ui<ls. 
Increase in temperature usually increases the solubility of a solid in 
a liquid, (Increase in pressure has ne^digible effect.) The variation 
of solubility wilh temperature may be shown by a solubiUiy carve, 
which is a line drawn throuf,di the solubility values at various tempera¬ 
tures, when plotted on a graph. The solubility values have to be 



Fig. 1. Solut)ility-teinpcraliinMurves. 


experimentally determined. The solubility curves for some common 
substances are shown in Fig. 1. 


Exorcises 

3. From tlip curves in Fig. 1. prepare a table sliu\Ning the solubilities of (a) 
sodium chloride, (ti) sodium nitrate, at 20. 10. 00. 70 in 100 g. water. 

t. Would it 1h> a distinct ailvantage to use boiling water to ilissohe salt, NaCl, 
in salt wells? Calculate the percentage increase in the sohil)iIity of NaCI between 
the temj>eratures 0 and 100‘^C. 


9. Supersaturated Solutions. A supcrsaluratcd solution is 
obtained by preparitig a saturated solution at some elevated tempera¬ 
ture and then carefully cooling this solution in the absenct' of solid 
solute. In many cases, crystallization will occur on cooling, and Ihc 
result is merely a saturated solution. In a few cases. cr>slallizalion 
will fail to occur during cooling, and thus a solulion is obtained lliat 
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is more concentrated than the saturated solution at room temperature. 
Sucli a supersaturated solution is unstable since the addition of solid 
solute causes crystallization to begin and continue until a saturated 
solution is obtained. In fact, crystallization of a supersaturated solu¬ 
tion often occurs on mere shaking or stirring, or on the entry of dust 
particles. A supersaturated solution may also be prepared by mixing 
two solutions that react to produce a slightly soluble substance. 
Usually this substance will appear immediately as a precipitate, but 
in some cases it fails to do so and a supersaturated solution is formed. 


Exercise 

5. Small portions of KI and IM)(N 03)2 solutions are mixed so that the following 
reaction occurs: 

2 KI + Pb(N03)2 ^ Pbb +2KNO3 

Lead iodide 

The KNO 3 is very soluble and remains entirely in solution, but the Pblj is only 
slightly soluble and so cannot remain entirely in solution. The excess appears as a 
precipitate of yellow load iodide, Pblj. Indicate whether each of the following is a 
saturated, unsalurated, or supersaturated solution: 

a. The clear liquid after the excess PbU has settled to the bottom. 

6 . The liquid obtained upon heating after the excess PbU has dissolved. 

c. The perfectly clear liquid obtained by carefully cooling b to room 
temperature. 


10. Effect of Temperature and Pressure on the Solubility of 
Gases in Liquids. Increase in temperature usually decreases the 
solubility of a gas in a liquid, while increase in pressure increases the 
solubility of a gas in a liquid. The ivei<ihi of a gas dissolved in ivaler 
varies direelly with the pressure (Henry’s law). 


Exercises 

6 . If 3 mg. nitrogen di'^solvc in 1 1. water at a certain temperature, under a 
pressure of 1.1 10 mm. mercury, liow much will (lissolve at the siuiie temperature 
in 100 cc. Witter, under it pressure of I.") atm.? 

i. Lise the kimUic 1 ln‘ory to exphiin the effect t)f («) teinperattire and ( 6 ) i>res- 
sure on the solubility of gasi's in liquids. 


11. Simple Dissolving, Simple dissolviog is any case of dis¬ 
solving that takes place without chemical action: e.g., the dissolving 
of sugar in water. Chemical dissolving is any case of dissolving that 
lakes place witlt eliemieal action; e.g., zinc dissolving in sulfuric acid. 

12. Aliscihle Liquids. Immiscible Liquids, Emulsions. 
Miscihle lupiids are li<|iuds tliat will dissolve in one another: immiscible 
liijiuds will not dissolve in one another but form separate layers. If 
two iiutniseible liquids are shaken together, they w'ill mix and form an 
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emu Sion A,, cnwhwn is a iiiixtiiie ol' one finely divided li,,nid a ill, 
nnotlior hf,uid. Most enudsions sepanite iininediatelv into layeis 
Mien sludving is slopp«l, but m tlie presenee of a propeily eliosen 
Hind substance (a stabilizer) some eimilsions become stable and then 
may not separate into layers for a long period of time. 

13 Law of Partition or Distribution. A solute distributes 

tsilf between two imiiiiscible liquids in proportion to its solubility 
in eacli liquid alone. ‘ 

14. Suspensions. A suspension is a mixture of a finely divided 
solid with a liquid. Solutions, suspensions, and colloidal suspensions 
diller 111 the size of the suspended particles. In true solutions, these 
particles are the molecules (or ions) of the solute. In the suspension, 
they are particles of the suspended material. In the colloidal sus¬ 
pension, they are also particles of the suspended material but are so 
small that the colloidal suspension does not settle, appears homogeneous 
to the eye, and will readily pass through filter paper, 

15, Freezing Points of Solutions. The freezing point of a 
solution IS always lower than the freezing point of the eorrespondiiig 
pure solvent. In general, the lowering of the freezing point becomes 
more marked as the coiicentratioii of the sohilion is increased. Appli¬ 
cation IS iiiade of this fact by adding substances such as alcohol to 
automobile radiator liipiids during cold weather. The lowering of 
the fieezing point ol a sohilion dejiends upon the number of moles of 

alcohol or glycerin, for example, lhat are added to 1,000 g. water 
as indicated by Table I. 

T'.vblk 1 


SuhstaiK’o 

1 mole 

1 

! IVcc/ing point of solution 

Alcohol, C-HsOII 


-1. f{6 C. 

<;i>'ccrin. C.iILs(()It)i. .. 

-r. 

- 1.«() c. 

lilhylene glycol, or Prcslonc, . 

g. 



Assuming a direct proporlionalil) helweeii tlie number of nioli's of 
solute added and the lo\\ering of the freezing poini (not strictly true 
for higher eoneentralions), it follows tliat the addition of 2 moles of 

alcohol (2 X 'lf> g.) to 1.()()() g. water would form a sohilion that would 
freeze at 2 X or -:i.72°(:. 

l.wrvtsi* 

8. What wrighi of piiro gl>4iTiii \nouM Ijavr io |m* luUU-il to 1, ()()() g. wairr to 
form a solution lhat would not frr<vn aho\r — I I*. ' 
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It is advisable, of course, to follow the standard spedfications 
provided on charts at garajres in preparing antifreeze solutions because 
of the fact that the antifreeze preparations are not usually single 
compounds but oftei\ contain other materials, such as rust inhibitors 
or water. Furthermore, it is not adWsable to add inorganic substances, 
calcium chloride, because of their corrosive effects in the cooling 
systems. The addition of such compounds to water lowers the freez¬ 
ing points to a greater extent than do substances like alcohol and 
glycerin, at the same molar concentration. 

16. Boiling Points and Vapor Pressure of Solutions. The 
vapor pressure of a solution of a nonvolatile solute, e.g.^ sugar, in a 
liquid is less than tlie vapor pressure of the liquid at the same tempera¬ 
ture. The boiling point of such a solution is always higher than that 
of tlie pure liquid. Tlie lowering of the vapor pressure and the rise in 
the boiling point become greater as the concentration increases. A 
nonvolatile solute is one tliat has no tendency to vaporize or evaporate; 
i.e., it has no appreciable vapor pressure. Salt and sugar are examples 
of nonvolatile substances. 

17. Methods of Expressing Concentration of Solutions. A 
dihile (weak) solulion is one containing a small proportion of dissolved 
material (solute); a coriceniraled (strong) sohtiion is one containing a 
large proportion of dissolved material. A 10 per cent solution con¬ 
tains 10 g. solute and 90 g. solvent in 100 g. solulion; a 15 per cent 
solution contains 15 g. solute and 85 g. solvent, etc. 

Chemists generally use either the normal or the molar system of 
expressing the concentration or strength of solutions. The normal 
system requires the use of the equivalent weights of acids, bases, and 
salts. The molar system uses molecular weights. 


Table II 


CoinpoBtid 


tbSO,. 

HCl. 

ILIH),. 

NiiOII. 

Oi(OH)2.... 

CuSO,. 

CnSOr5H,<) 

Al2(SOi)s.... 


Molecular Total valence of Kqiiivalent 
weifiht positive radical weight 


98 
36..5 
98 
10 
71 

159.6 

219.6 

312 
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18. Equivalent Weights of Acids, Bases, and Salts, lii gen¬ 
eral, llie equivalent weight of any substance is that weight which con¬ 
tains, or is equivalent to, one atomic weight of hydrogen. The 
equivalent weight of any acid, base, or salt equals the molecular weiglit 
divided by tlie total valence of the positive radical, as illustrated in 
Table II. In computing total valence of a hydrate, the water of 
iiydration is not considered. 


Exorcise 

9. Copy Table II and fill in tiie data not calrulalod. 

19. Normal Solutions. A normal (lAQ solufion contains 1 
equivalent weight of solute per liter of solution. A two normal {2N) 
solution contains 2 equivalent weights of solute per liter of solution: 
a 2.6A^ solution contains 2.6 equivalent weights of solute per liter of 
solution, etc. 


20. Problems on Normal Solutions. 

Example 1. Calcnlato the weight j)f II.;S ()4 in'eded to make, or that Is jjresent 
in, 1. of solution. 

.triA-irer; 19 X ?i X 0,r> = 7:1..> g. Ih-SO, 

In this example, 19 represents the equixalent weight of sidfurie acid, /.r., the 
weight needed to make 1 1. of lA' solution. This value tmist be multijilied by 
becaust* the problem calls for :i 1. of solution, and also by 0 ..">. lM*ca»ise tlie problem 
calls for a ().5A solution. 

Example 2. Calculate the weight of CuSO, found in 2.") cc. of ()N solution. 


79.8 X 


2 :> 


1,000 


X 6 = 11.97 g. 


It is necessary to convert the cubic <a*ntimel(Ts to liters (1 <-c. = 1 1,000 1.; 
25 cc. = 2.1 1,000 1.) before prma'eding with the solution of tin* problem. 

Example 5. .V solution is found to contain 8 g. Na..S ()4 in :12() <c. \\ hat is the 

normalitv of this solution? 

/In.s'n’cr.' In tin* above solution, 

820 cc. contains 8 g. Na 2 S() 4 . 

1 cc. cojitains g- Na^SO,. 

1.000 cc. or 1 I, would <-ontain l.tKKt X ^.riu g- jNa^SO^. 

The exact normality is given by the ratio: 


NormalilN 


actual weight per liter _ 2.> _ ^ T-Ar 
e«|ui\alent weight 71 


I’.xeia'lses 


10. Kind th(‘ weight of il.SO, pre>eiit in O..*) 1. of O/V solution. 

! 1. Kind the wfiglil <tf Catt >11 h ne< essiir\ to make .5 I. of 0.1 A solution. 

12. Kind the weight of CuSOj all.O recpnreil to make .")t)t> cc. of 2.'>.\ solution 
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21. Molar Solutions. A molar (l.W) soUiiioti confains one molec¬ 
ular irei(}hl of sohile per liler of sohilion: a 2M solution two molecular 
w(‘itrht.s, etc. It will he observ(*(l that the molar system is based on 
molecular leeighls and Ihe normal syslem on equivalent weights. 

Exercises 

13. Cfilculatc the of CuSO, rc(jiiirc(l for each of the following: (a) 1 1. of 

1.1/ solution, (h) \2 1. of 7.31/ solution. 

11. Cah'iihite In) tin' ninhir rt>ncentriilion of a .solution containing 31.2 
Alj(S(),).i jHM- lit('r of solution, {b) the normal concentration of this solution (see 
Example 3 above). 


CHAPTER VIII 


HYDROGEN CHLORIDE AND SODIUM HYDROXIDE 


Hydrocliloric acid is a water solution oft lie gas, hydrogen chloride, 
HCl. It is a well-known acid. Sodium hydroxide, NaOIl, dissolved 
in water is a common base or alkali. Tliese compounds are used 
extensively, both in the laboratory and in industry. They are gen¬ 
erally made from sodium chloride, MaCl, or common salt. 

1. Preparation of HCl. In general. HCl may be prepaivd by 
the reaction of almost any metallic chloride with concentrated sulfuric 
acid as illustrated by tlie following equations: 


NaCI -f H,SO^— HClt+NaHSO^ 
KCI + HCIi-hKHSO, 

NH^Cl-t- HSO,-* HClj -f NH.HSO^ 
CaCb + H,S 04 ^ 2 HCli -|-CaSO, 
2AICI, -^3H,S04-6HCIt + Al.^SOda 


{su<Iiuni hl'iilfale) 
(pdtassinin hiMilfjilr) 
(atiirnoiiiiirii l>isiilfal(>) 
(normal cah iiun snifalc) 
(normal alumimim Milfati'j 


The arrow pointing upward indicates an escaping gas. Such an 
arrow is generally used in cases of this kind. 

It is to be noted that only NaCT K(.I. and ]\I1|('I i)roduce hisul- 
fates: all other chlorides produce normal sulfates wlam tln'y react 
witli sulfuric acid. The chlorides of \a. K. and Ml, give normal 
sulfates only when the reactions occur at hit.di temperatuif's. Hisul- 
fates contain the IISO., radical (valence -1); normal sulfates contain 
the SO, radical. 


Kxerr I SO 

l. Write equations for the reaetions of IISO, with chlorides of live dill'ereiil 
metals other than tliost? given al»ove. 


In the laboratory, 1I(!1 is generally piepared by Ihi' reaclioti i)!' 
solid NaCl with concentrated ll->S(), as indicated in llie fust of the 
above etpialions. Tliis same met hod is also used in indiistrs. d'lie 
Na(’l is also mixed with sodium bisulfale ;ind llie mixture heated. 


NaCI + NaHSO, • Na.SO, -t HCl[ 

Ollier industrial nadhods are dhislraled b\ the following (*(|ualions: 
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H, + CL — 2HCI 
CsHn + Cl, --CiHnCI + HCI 

(C 5 Hi'> is called pentane and is a inattM'ial obtained chiefly from natural 
pas.) 

2. Reversible Chemical Reactions. At least two examples of 
reversible physical processes (evaporation and condensation of water; 
dissolvinp and crystallizing of a solute) have already been considered, 
and the characteristics of equilibrium in such cases have been stated 
(VI. 11). A reversible chemical reaction is one that ivill lake place in 
either or both of the two possible directions. A large number of chemical 
reactions (VI. 7 , YlII. 2) are reversible and reach an equilibrium with 
characteristics similar to those previously mentioned. Anotiier 
example of a reversible reaction is the following: 

NaCi + H,S 04 ;=i HCI + NaHS 04 

in which the double arrows indicate the n'versible nature of the 
reaction. 

3, Direction of a Reversible Reaction, (’.hemical Equilib¬ 
rium. The reaction 

NaCl + H,SO. HCI + NaHS 04 

will proceed to completion in the forward direction (to the right) if 
solid sodium chloride and concentratt'd sulfuric acid are mixed, because 
HCI escapes as a gas under these circumstances, and the reverse reac¬ 
tion is impossible without HCI. 


Forward direction: 


solid cone. pas 

NaCI + H .SOi HCIt + NaHS 04 


The reaction will proceed toward completion in the reverse direc¬ 
tion (to the left) if concentrated hydrochloric acid and concentrated 
solution of sodium hydrogen sulfate are mixed, because NaCl is 
[♦‘moved from the reaction as a precipitate. 


Itcvrrse direction: 


coin'. saturated 

HCI -f NaHSO^ 


NaCl i + H,S 04 

jjrecipilale 


If more than a minimum (piantity of \\ater is present, both HCI and 
NaC.l will n‘inain in the solution and both reactions will occur simul- 
taneousK . They will soon become etpial in rate, and chemical equilib- 
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riuin will tl\us be reached. In lliis case, the reaction will be incomplete 
since the starling materials are continuously regenerated by the reverse 
reaction as rapidly as the forward reaction consumes tliem. 

It is to be observed that tlie clniracteristics of chemical equilibrium 
are essentially the same as those mentioned for physical equilibrium 
(VI. 11): 

a. Two opposing processes, i.c., the forward and the reverse 
reactions. 

b. Equal speeds for these two processes. 

c. A. slight change disturbs the equilibrium; Le., addition of a 
further quantity of any one of tl:e materials used or produced favors 
either tlie forward or the reverse reaction. 

In general, in any reversible reaction the conditions favoring e(piilib- 
rium are as follows: 

a. Failure of any substance to be removed from the reacting 
mixture. 

/>. Low concentration of starting materials. 

The conditions favoring complete reaction are as follo\\s: 

a. Removal of one or more prod¬ 
ucts from the mixture as a gas or 
a precipitate. 

b. High concentration of starting 
materials. 






, , Fio. 1. Hydraulic anatogy of cqui- 

1 here is a usetul analogy (to a librium, 

limited extent) between the direc¬ 
tion of a reversible reaction and the direction of flow of water in a pipe 
between two containers of li(piid as shown in Hg. 1. 

NaCi + H;SO, ^ HCI + NaHS 04 

The increase in concentration of NaCl or ILSOi results in an elTect 
in the same direction as an increase in the amount of li(pii(l in A. 
Removal of liquid from li results in an ellect in tlie same direction as 
the removal of IlC.l or NallSO.t from tlie chemical mixture. 

It is important to realize that tlie cliemical equilibrium is a dynamii; 
one (botli the forward and the reverse changes are in full operation 
at equilibrium) while the fluid equilibrium is a static one (no flow at 
all, at equilibrium). 

Kxeroisc 

2. Wliii li of tlic fotldwiiig nsM tioii'. is ••onqdclc. which incomplete, hiking into 
account lliat \g('.l is the onl> iiis(.!ul)le sul»>liin«e among tlioM- im Initeit in tlie two 
eipialiotisl' 
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HCI + AgNO, AgCI + HNO, 

HC! + KNO 3 KCl + HNO 3 


Insert double or single arrows to indicate your answer. 

4. Ilyarogcn Chloride, HCI, and Hydrochloric Acid, HCI. 
It is of importance to distinguish between the pure gas HCI (hydrogen 
chloride) and the water solution of this gas (hydrochloric acid or 
muriatic acid). Note that the same formula is used for both and that 
the context determines whether HCI refers to the gas or the acid. 
(For calculations involving specific gravity, see \III. 8 .) 

5. Chemical Properties of Pure HCI Gas. These may be 
summarized by the statement that it is rather inactive and has almost 
none of the properties of an acid. It does unite with ammonia, NH 3 , 
to form ammonium chloride, and with H 2 O to form hydronium chloride. 

NH 3 + HCI -> NH 4 CI 
H-,0 + HCI ^ H 3 OCI 


The radicals of H 3 OCI are FI 3 O and Cl, and it is probably the presence 
of the H 3 O radical (or ion) in hydrochloric acid that makes it behave 
so very differently from pure HCI. However, the formula H ^^Cl is 
seldom used for hydrochloric acid. 

6 . Chemical Properties of Hydrochloric Acid. These may be 
illustrated bv its reaction with metals, its reaction with bases and basic 


oxides, forming salts and water (neutralization), and its reaction with 
silver nitrate and with ammonia. 


Exercises 

3. Writ(* e(ju!iti()us for the rcsuMioiis of IfCl witli five dilTerent metals. 

1. N\ rite cijnations for tlie reactions of HCI with each of the following bases: 

(«) NaOH -f HCI -> NaCI + H.O 

( 6 ) Ca(OH)-, + ?HCI ^ CaCio + PHjO 

(c) AhOH )3 + i'HCl 

(f/) KOH 

(r) NH 4 OH 

if) Mg(OH)., 

(f/) Cu(OH)2 
(It) Fe'OH)3 


5. \\rile ecjualions for lh(‘ reaction of HCI with each of the following basic 
oxides; ir/) Cat), i/j) MgO, U’) ZnO, (dl AljOs, (r) Eiv-Oa. Example, Cat) + 
2HC1 — CaCl, + H, 0 . 

6 . Write etjuations for th»* reaition of HC.l u») with silver nitrate, ( 6 ) with 


aiiuiionia. 
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1.280 


I.I5C 


o 

I 


7. Tests for llCl. IICI gas futnos in moist air, forms a white 
('loud of N114C.1 when brought into contael with ammonia gas, and 
dissolves in water very rapidly form¬ 
ing hydroelilorie acid. The latter 
can be deteelt'd by its etl'eet on in¬ 
dicators (litmus, phenolphthalein. 
methyl orange) and by its reaction 
with silver nitrate and with bases. 

8. Specific Gravity and Con¬ 
centration of Hydrochloric Acid. 

It is often necessary in chemical 
work to know the exact quantity 
(concentration) of hydrogen chloride 
dissolved in a given amount of 
solution. We can determine the 
specific gravity of a sample of the 
acid by means of a hydrometer 
similar in principle to the type used 
in garages for measuring the speci¬ 
fic gravity of sulfuric acid. The 
hydrometer is immersed in the acid 
which is pUu'cd in a tall narrow ( 
cylinder (Fig. 2). Tables showing 
the percentage by weight of hydro¬ 
gen chloride corresponding to a 
given specific gravity are found in 
laboratory manuals and handbooks. 






H 

w 





Flo. 2. llydroiiH'h'r. (The Kler- 
Iric Sloruyc liuUery ('.oiiipany.) 


Example 1. sample of liydrochlorio acid has a spocilic {gravity of 1.16. The 
percentage of IICI gas by weiglit is 31.1.') per ci*nl (from tables). Calculate the 
weight of IICI gas <lissolved in 1.000 cc. of this acid. 

31.-15 


Ansiver: 1,000 cc. X 1.16 X 


= 361.8 g.lIC! 


Example 2. Calcidate the number of cubic centimet<*rs of hydrochloric acid 
(specific gravit y 1.16 containing 31.-15 per cent IICI) reipiired to furnish 20 g. pure 

IICI. 

Answer: 20 g. IICI gas X X = 51.7 co. acid 

4^X«l0 1.1 I) 


Exercises 

7. Calculate the weight of IICI gas dis.sulvcj| in .500 ml. Indrochlnti*- acid 
(spcH’ilic gi'a\ify 1.131 containing 25.80 per ctmt IICI). 

8. Calculate tlie volume Iti liters (T Ijydrochloric acid tsp«“cific giaxity 1.1 18 
containing 29.13 p(‘r cent IICI) re(juired to furnish 1,000 g. pure 1I(!I. 
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9. Chlorides and Their Uses. A chloride is a compound of chlorine 
with one other element {or radical). Sodium, potassium, and magnesium 
chlorides are found in nature in large quantities. All metals and most 
nonmetals form chlorides. Ammonium chloride (sal ammoniac) is 
an example of a compound of chlorine with a positive radical. Potas¬ 
sium cliloride is an important raw material for manufactured fertilizers. 
Magnesium chloride is used for the manufacture of special plasters 
arur cements. Tin chloride is used in dyeing textiles. Mercuric 
cliloride (corrosive sublimate) is a powerful poison often used as a 
germicide. Mercurous chloride (calomel) is used medically to stimu¬ 
late organs producing secretions. Zinc chloride is used in treating 
paper and wood and also as a flux for soldering. Calcium chloride is 
used to dry gases, to settle dust on roads, and to prepare a brine that 
remains liquid at -48°C. Silicon tetrachloride may be used for 
forming smoke screens. Carbon tetrachloride is used in Pyrene fire 
extinguishers and in some nonflammable cleaning fluids. Sulfur 
inonochloride, S 2 CI 2 , is used in vulcanizing rubber. 

10. Tests for Chloride Salts. All soluble chlorides when dis¬ 
solved in water react with silver nitrate solution, AgNOs, forming a 
white precipitate, AgCl, that will not dissolve in nitric acid. The 
reactions are shown by the equations: 

NaCI + AgNOj-> AgC! i + NaNOj 
MgCI-, + 2AgNO, -- 2AgCI 1 + IVlg(N 03)2 

Exercise 

9. Write equations for the reaction of silver nitrate with the chlorides of five 
(lilTerent metals. 

Chlorides also liberate HCl gas when they are treated with con¬ 
centrated II2SO4, as indicated in Sec. 1. 

SODIUM HYDROXIDE 

11. Manufacture of Sodium Hydroxide by Electrolysis of 
Sodium Chloride Solution (Brine). The reaction that occurs 
during the passage of a direct electric current through sodium chloride 
solution is a complex one and may be represented by the following 
('(Illation: 

2NaCl + 2H:.0 {+ electric current) —> 2NaOH -H H 2 + Clj 

It is to be noted (1) that water is involved in the reaction and (2) 
that, in addition to chlorine, two other products, sodium hydroxide 
and liydrogen, are also formed. 
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Chlorine collects at the anode while sodium hydroxide and liydrogen 
collect at the cathode. A number of cells designated by the name of 
the originators (Hooker, Vorce, Nelson, etc.) are used in the industrial 
electrolysis of brine. Although these cells dilTer in mechanical details 
of construction, the general principles of design and operation common 
to each are as follows: (1) the anode and cathode compartments are 


Carbon 

anode 


Brine 


Perforated - 
steel cathode 



Chlorine 


Hydrogen 


- Asbestos 
diaphragm 


1‘IG. 3. 


Sodium hydroxide 
solution 

Essential parts of cA\ for electrolysis of sodium chloride solution (Nelson 

type). 


separate from each other to prevent interaction of the producls. (2) tlie 
anode and cathode units are made of inert materials to prevent corro¬ 
sion and consequent contamination of tlie products. simplilied 
sectional diagram of such a cell (Nelson type) is shown in Fig. 3. 
The solution of sodium chloride is fed into the anode compartment. 
Sodium hydroxide solution drips from the outer surface of the perforat¬ 
ed steel cathode. Hydrogen is also collected from the outer compart¬ 
ment, and chlorine is drawn olf from the anode compartment. .\ 
typical installation of cells (Hooker type) is shown in Fig. 1. 


Exorcise 

10. Ton tons of sodium chlorido is disM.hod in water and dooompoMMl l.> ol.v- 
irolvsis. Calculate (a) tlie weiglit of water reipnred for the reaction. (/»! Hic Nveijihl 
of sr'idium hydroxide formed, (c) the wei(;ht of chlorine formed, id) tl.e amn.ml of 
electric power used in kilowatt-hours (kw.-hr.), assummi' that 3.100 kw.-lu. i^ 
retpiired jht ton of chlorine, {e) the cost of the electric p.»wer used at 1 cent pe. 

kilowatt-hour. 
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12. Hydroxides, Bases, and Alkalies.—A hydroxide or base is a 
compound which neutralize acids and whose formula is recognized 
by the presence of a metal (or positive radical) and the OH radical. An 
alkali is a soluble, active base or hydroxide. The water solutions of 
alkalies are bitter to taste, slippery to touch, and turn red litmus blue. 



Fig. 4. Cells for electrolysis of sodium chloride solution (Hooker Type “S”). 

{Hooker Eleclrochemical Company.) 


13. Physical Properties of Sodium Hydroxide (Caustic Soda 
or Lye). Sodium hydroxide is a white solid, very soluble in water. 
Tlie solution has a slippery feeling and a soapy taste. It is generally 
used in the form of its water solution. 

14. Chemical Properties of NaOH, Neutralization. Tliese 
properties may be summarized by equations showing the reaction of 
NaOll with acids, forming salts and water (neutralization) and its 
reaction with salts forming insoluble hydroxides. It is one of the 
cheapest and most common bases and is widely used in industry. 


t^xcrciaes 


11. Write equations for the reaction of NaOH with each of the following acids: 
(«) HCl, {h) H.,SO,. ir) HNOj. (d) H.SOj. (e) ILCOj, (/) ILPO,. (j/) IlCdhOj, 
(/i) Hlk, (0 ILSO,. 0) IPS. 

12. Write an equation for the reaction of ?taOH with CuCb to form Cu(OH)j 
and \aCl. 


Using the equation of Kxercise 12 as a model, WTite equations for the 
reaction of NaOH with the salts (in solution) of five different metals. Keep in 
mind that these reactions are reversible and will not proceed toward completion 
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unless one of the products is preoipilaled. Use Table IV in the Appendix to 
(lelennine whether or not a compound will precipitate. 

SUGGESTED KEADINt; 

. —Electrolytic Chlorine and Caustic Soda, ('.hern. Mel. Etuj., 49, 111 

(Decenibi'r. 1912). 

Stuaht, Lysikh, and Muhhay, The Story <»f tlie IIookiT Cell, ('hern. <J Mel. Eruj., 
45, 351 (1938). 


CHAPTER IX 

STRUCTURE OF ATOMS AND IONS. IONIZATION 


In tlu' preceding chapters, we have learned to write the formulas of 
many dill'eirnt substances. At this point, it is desirable for us to 
consider wlty elements combine according to definite patterns or 
“ formulas, ” and the nature of the combining forces. Related to these 
questions, the concept of valence has already been considered but only 
in a limited sense. As a further step, we are to study some of the 
principles of atomic and molecular structure. Although much of our 
information in this field has been acquired through the investigations 
of physicists, this knowledge is of great importance to the chemist in 
the study of the formation and the properties of compounds. 

1. Examples of Regularity in Chemical Formulas. The 
number and kind of atoms that combine to form compounds may vary 
widely as illustrated by the following formulas; H 2 O, CaO, FciOs, 

CO 2 , P-. 05 , SO3, UiuOt.'OsOu HCl, CaCU, FeCh, CCU, PCI5, SCU. 


There are, however, certain regularities in formulas as is evidenced 
by H 2 O, AgoO, CuoO, Hg20, AU 2 O, ThO, Na20, K 2 O; HCl, AgCl, 
CuCl, HgCl. AuCl, TlCl, NaCl, KCl; CaO, MgO, BaO, SrO, 
ZnO. FeO, iMnO, NiO, CoO, PbO, SnO, HgO; CaCU, MgCh, BaCh, 
SrCU. ZnCh. FeCU. MnCh, NiCh, CoCh, PbCh, SnCh, HgCh. 

2. Atomic Structure. The explanation for these similarities and 
differences lies in the structure of the atoms of the various elements. 
The combined efforts of chemists, physicists, and mathematicians 
during the past 40 years have shown that an atom is composed of a 
positively charged central nucleus surrounded by a number of (nega¬ 
tive) elecjrons, e', or unit negalively charged particles. The simplest 
atom is that of hydrogen, which consists of a nucleus with a single 
positive charge, and around this nucleus is a single electron. The 
lieliuin atom has a nucleus with a double positive charge, and around 
this nucleus are 2 electrons. The oxygen atom has a nucleus with a 
charge of eight, and 8 electrons outside of this nucleus. Two of these 
electrons are in a first level or orbil quite close to the nucleus, while the 
other six are in a second level farther removed from the nucleus. 
Practically all of the mass or weight of an atom is concentrated at the 
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nucleus, so that the nucleus has a mass nearly identical with the atomic 
weight of the element. It is convenient to represent the structures of 
atoms as follows: 


Hydrogen atom 



Oxygen atom 



Helium atom 



Nitrogen atom 



Such diagrams may be easily constructed for any element willi aloniic 
number less than 21 by observing the following relationsliips: 

a. The mass of the nucleus is nearly equal to the atomic weiglit of 
the element. The nucleus contains two kinds of units: the neutrons, n. 
(unit neutral particles), and protons, p or + (unit positively cliarged 
particles). The sum of the neutrons and protons approximately 
equals the mass or atomic weight. 

b. The charge on the i\ucleus is always positive and ecpials the 
atomic number of the element. {Atomic numb(‘rs may be found bv 
reference to the same tables that give atomic weights. See inside 
front cover of this book.) The alomic tiumber is the net posilire 
charge in the nucleus of the aforn. 

c. The total number of electrons outside the nucleus (extiutial 
electrons) equals the atomic number. 

d. The first level never contains more than 2 electrons. 

e. The second level never contains any electrons until the lirsl l<‘vel 
has its full quota of 2 electrons. 

/, The second level never contains more than B electrons. 

g. The third level never contains any electrons until the second 
level has its full quota of 8 electrons. 

h. The third level never contains more than 8 electrons in any of t lie 
elements with atomic number less than 21. 

i. The fourth level never contains any electrons unless the third 
level has at least 8 electrons. 


Structures and diagrams can be worked out for elements of atomic 


number higher than 20, but the relationships beconu* somewhat more 
complicated and in many cases more than one structun' is possible. 

The arrangement of the external electrons is ascerlaiin‘d. maiiiK 
from studies by physicists, of the light ra\s (spectra) emiltcd l)\ 
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various elements. The nature of the light emitted depends upon the 
location of the electrons, and thus it is possible to determine the loca¬ 
tion of the electrons by a careful analysis of the light, using a spectro¬ 
scope to determine the wave length of the light. 

Exercises 

1. Construct diagrams for the structures of atoms of each of the elements 
with atomic numbers less than 21. Consult the table inside the front cover of this 
book for the necessary atomic weights and atomic numbers. 

3. Valence Electrons and Electron Symbols. The electrons 
in the outermost level are called valence electrons for reasons explained 
in the following section. Most of the chemical properties of elements 
depend upon the valence electrons, and it is convenient to use simplified 
atomic structure diagrams (electron symbols) showing only the valence 
elections and the symbol of the element, such as 

H • :C: :N: : O: 

By reference to the valence table in the Appendix, such electron 
symbols can be constructed for any element, even if details of atomic 
structure are unknown. Thus, the electron symbol for zinc is Zn: 
and Ag‘ is the electron symbol for silver. 


Exercises 

2. Construct electron symbols for the elements K, Na, H, Ca, B, Mg, P, Si. 

3. Construct electron symbols for Pb, Ca, Sn, Fe, Cu, and Hg, assuming in 
cacli case that the numher of valence electrons is the same as the maximum posi- 
tiNt' valence of the element. 

4. Formation of Ions. An ion is an electrically charged atom or 
radical. Atoms having 1, 2, or 3 valence electrons have a tendency to 
lose all these to any oilier atom that will accept them. Atoms having 
4 or more valence electrons have a tendency to gain or sliare enough 
additional electrons from other atoms so that they have a total of 8 
electrons in liie outermost level. Compound formation, and the 
number of atoms that combine to make a molecule, may be explained 
in terms of a very marked tendency for atoms to gain, lose, or share 
their valence electrons from, to, and \\'ith one anotlier. Thus, if 
sodium and clilorine atoms are brouglit together, the sodium loses an 
electron and the chlorine gains an electron. 



sodium chlorine sodium chloride 

atom atom 


ion 


lon 
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As a result, the sodium atom bears a positive chart!e. Such a particle 
is called a sodium ion wliile the chlorine atom bears a negative charge 
{chloride ion). The 2 ions are then attracted to one anotlier, and a 
compound NaCl results because of tlie unlike electrical charges. 

If calcium atoms and chlorine atoms are brought togetlier, a 
similar change occurs but 2 chlorine atoms must be involved so that the 
calcium atom may lose both of its valence electrons. 


Ca: + :CI: + :CI:- [Cal++ [:CI:] [ = ^1:] 


Thus, the compounds NaCl and CaClo are accounted for, and, in 
a similar way, many other formulas may be written. The failure 
of sodium and calcium to combine is also explained by tlie fact that 
both these elements have a tendency to lose electrons and neither 
has a tendency to gain electrons. 


ran 


Exerotse 

4. Use electron syinhols to ol)tain corre<'l fornmlas (if yon think a compound 

.be formed) for tlte following: («) lead (2 valmn'c <*lectrons) and (»\Ygen, ih) lead 

(4 valence electrons) and oxygen, (r) niagnesiiim and oxygen, (d) lead and mer¬ 
cury, (e) |)Otus.siuin and chlorine. 

There are many instances in which atoms unite because of a sharing 
of their electrons rather tlum an actual gain and loss. Typical 
examples are as follows: 


• • • « 


:CI • -1- - Cl :Cl :CI : 


• • • 


H . + . C! : — H : Cl : 


Elements with 1 or 2 valence electrons form their compounds by- 
actual loss of electrons to some other atom or group of atoms. Ele¬ 
ments NN-ith 4 or more electrons usually form compounds either by gain 
(the usual case when the number of valence electrons of (he other 
element is 1 or 2) or by sharing when the number of valence electrons 
of the other element is 1 or more. Compounds formed as tlu' result of 
gain and loss of electrons are called idecfroralenf or ionic compounds and 
are distinctly different in character from the comkul compounds 
formed as a result of sharing of electrons. Typical clcctrovalent 
and covalent compounds are illustrated as lollows: 
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:CI: 

Na^, :Clr :CI:C:CI: 

:CI: 


NaCI CCL 

electrovaleni type covalent type 

It is to be noted that the electrovalent (NaCl) type of compound 
contains ions and that the covalent (CCI4) type does not contain ions. 
Bases and salts are, in general, electrovalent in character. Sugar, 


Electrodes 



Fig. 1. Apparatus for testing conductivity. 


alcohol, carbon tetrachloride, and related substances are of the covalent 
type. Experiments show that water solutions of electrovalent com- 



(liffraclion 
structural 
'Phe 


pounds conduct the electric cur¬ 
rent. Such solutions are known 
as electrolytes. Covalent com¬ 
pounds in general do not conduct 
the electric current and are there¬ 
fore called nonelectrolytes (see 
Secs. 6 and 10). 

5. Structure of Sodium 
Chloride. By means of X-ray 
photography it is possible to 
study the structure of the crys¬ 
tals of sodium chloride and other 
compounds. The photographs. 


thus obtained and known as 
patterns, when mathematically inteipreted, show definite 
arrangements of ions in space rather than separate molecules, 
structure ot the sodium chloride crystal is represented by the 
shown in Fig. 2. This type' of structure is known as the cubic 
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Na 


0 

Cl 


space laliice. Each sodium ion is surrounded at equal distances by 6 
chloride ions. (Note the central ion.) The ions appear to be held 
rigidly in position in the space lattice by electrostatic forces between 
(h(‘in. 'Phis l>pc of arrangement exl«‘nds 
completely through the crystal in an unbroken 
pattern of three dimensions. 

A simplilied diagram of one side of the cubic 
lattice of sodium chloride indicating the relative 
positions of Na+ and ('l“ ions is shown in Fig. lb 
It is to be noted that the lines in the diagram 
(Fig. 2) have no physical counterpart in the 
actual crystal. The lines may, however, be 
regarded as analogous to the electrostatic forces 
that hold the ions in position in the crystal. 

It is evident from the preceding discussion 
that sodium chloride (and otlier eleclrovalent compounds) in the crys¬ 
tal state are composed of delinite arrai»gements of ions. We may. 


• 

0 

Mt* 

a~ 

0 

• 

cr 

Mz* 


O 


a’ 

I- 

' 11 ;. 3 . 




structure of NaCl 
(plane projci'tion of the 
central plane). 


+ - 


therefore, write the unit forimilas [Xa('l], [K.+CI ], etc. 


IONIZATION 

6. Properties of Vt ater Solutions of Salts, Aci<ls, an<l liases. 
It was previously stated that water sohilhms of eleclrovalent com¬ 
pounds conduct the eh'clric curitml and that solutions ol covalent, 
compounds (sugar, alcohol, etc.) generally do not conduct the electric, 
current. It is also known that solutions of electrovalent compounds 
freeze at lower temperatures and boil at higher temperatures than 
solutions of covalent compounds of the same molar concentration 
(Table I). 

These two properties, with other properties to be considered later, 
are the basis for tlie prineiple of elecfrolylic dissociaiion or ionizdiion of 
elerirolytes, first proposed by Arrhenius (1887). This principle may be 
staled as follows: Acids, bases, sails in water sohdion, dissoriule {sepa¬ 
rate) into eteclrically char<ied particles {ions). Tlie term ton,* a (Ireek 
word meaning ‘‘wanderer,*’ was used in the sense that the ions are 
free to move about in the solution. This is apparently due to tlie fact 
that water acts as an insulator between the ions and apparently attracts 

1 It is to be nc)tc<! tluit Arrhenius hiul no knowletlfie of the slru.-ture of ions. 
This field of chemistry iind physies was not developed unlit ahoul :50 years 
later, '■lioiind" ions exist in the eieetrovaleiit compounds before llie latter 

are dissolved. 
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them away from the solid crystal. A general equation to indicate the 
dissociation is the following: 

A+B- -> A+ + B- 



Anoe^e 


Cathode 


kClz 


That acids, bases, and salts in water solution conduct the electric 
current is explained by the fact that the ions bear electric charges 

through the solution. When the cur¬ 
rent is passing through a solution of 
copper chloride, e.g.^ copper ions, 
Cu++, move toward the negative 
terminal (cathode) and are therefore 
called calions; chloride ions, Cl“, 
move toward the positive terminal 
(anode) and are called anions. 

The conductivity of an electrolyte 
depends chiefly upon three factors: 

a. The number of ions in the solu¬ 
tion. 

b. The rate of movement (mobil¬ 
ity) of the ions. 

c. The electric charge on the ions 
(H-*-, Cu++, etc.). 

As a simple analogy to the forego¬ 
ing principles, one may think of a 
group of people to be transported in 
boats across a lake. The number of 
people transported in a given time 
will depend upon 








ReacHons: 

at anode; 

anions 

at cathode; Cu^^-f-2e~- 

Fir:. 1. El(*rtrol>sis of copper 

eliloride. 


Cl 2 1 gas 
'Cu metaf 


a. The number of boats available. 
h. Tlie speed at which the boats move. 
c. Tlie capacity of the boats. 

That the freezing and the boiling points of acids, bases, and salts 
in water solution are lower and higher, respectively, than those of 
sugar, alcohol, etc., at the same molar concentration (Table I) is 
explained by the presence of the greater number of particles (ions) in 
solutions of acids, bases, and salts. (These effects are explained in 
detail in more advanced textbooks.) 

7. Distinction between Atoms and Ions. Wlien an atom of 
sodium changes to a sodium ion, there is a loss of 1 electron; 


Na — 1e~ ^ Na"^ 
atom ion 
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Table I* 

Substance 

Nonelectrolytes: 

Alcohol. 

Glycerin. 

Sugar. 

Electrolytes: 

NaCl.'. 

MCI. 

KNOj. 

BnCU. 

NuaSO,. 

* niLi>EBnAM>, “Principle's of C-hcinistry,” Stii c«l., p. 


Freezing Points of 
O.l.W Solutions, "f.' 

. - 0 . 1«1 

. -0.186 

. -0.188 


-0.;M8 

-o.;jr)6 

- 0 . ;t;io 

-0. IT8 
-0. 159 


Because of the dilTerence in structure, sodium atoms (or sodium metal) 
liave properties quite dilTerent from the properties of sodium ions, as 
indicated by tlie following comparisons: 


Sodium Metal (Na) 
Exists in the free state 


Soft metal 

Very active with water 
Electrically neutral 


Sodium Ion (.\a‘) 

I'jxists in a <Tyslal or in a solution of a 
coinpound containing iilso a tiegative 
ion 

Colorless 

lna< ti\e wilh water 
Positively chargetl 


The properties of clilorino gas, (T., likewise 
the properties of chloride ions, ('1“. 


differ V('r\ mncii from 


CJdorine Gas (Ch) 

Exists in the free state as a gas 


Diatomic molecules, Cb 
Greenish-yellow color 
Disagreeable odor 


C.ldoride Ion (Cl ) 

Exists in a ciNstal or in a solution of 

% 

a compound containing also a positi\ e 
ion 

Single units, Cl“ 

C<*lorless 

0(l<»rless 


Exercises 

5. In terms of electrons, exphiin tin* dilVerence between a positive ion, e.tj., 
Na^, and a negative ion, e.g.. Cl". 

6. Write symbols for (fi) the hydrogen atom, the hydrogen ion, (/)) the magne¬ 
sium atom, the magnesium ion, (r) the (diirnimini atom, the aluminum hui, (d) the 
tin atom, the stannic tin ion, (e) the sulfur atom, the sullide ion. (Consult the 
valence table in the .\ppendiv; also IX. 9.) 

Note: The charge on an ion is due to the gain or loss of eh-ctr<uis by tlie 
corresfKuiding atom. 

8. Colors of Ions. Many of the common ions arc colorless. This 
properly is easily observed in salts or in sohititms containing these ions. 
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A luitnbtT of tlie metallic ions, however, have characteristic colors, e.g.^ 
the blue copper ion, Cu*^. Solutions of copper chloride, CuCh, 
copper sulfate, CuS 04 , and copper nitrate, Cu(N 03 ) 2 , are all blue in 
color. It is known that ions in solution are often combined with 
water (hydrated ions), e,g., (Cu4H20)++. Solutions of ferrous iron 
salts containing Fe'''+ and solutions of nickel salts containing Ni++ 
are green in color. 

9. Symbols for Ions. In the study of valence (Chap. Ill) it 
was noted that the valence number is indicated by positive and nega¬ 
tive signs, e.g., Na+ Ca-^, Cu++, OH- SOr'*. From our knowledge of 
atomic structure, we can understand the origin of these numbers. For 
convenience in writing equations for ionic reactions, it is necessary to 
review the valence numbers or ionic charges for the common ions 
listed below. 


Posilive Ions 
Hydrogen ion, 
Sodium ion, Na'*’ 
Potassium ion, K'*’ 
Aninionium ion, 
Silver ion, Ag'^ 
Calcium ion, 
Magnesium ion, 
Aluminum ion, Al'*’'*’* 
Ferric ion, 

Stannic ion, 


Neijative Ions 
Hydroxyl ion, OH" 
Chloride ion, Cl“ 
Nitrate ion, NO.i" 
Bicarbonate ion, HCO 
Carbonate ion, CO3— 
Bisuifate ion, HSOj” 
Sulfate ion, SO^— 
Phosphate ion, PO 4 - 


10. Electrolytes and Nonelectrolytes. From the standpoint 

of the theory of ionization, substances may be divided rouglily into 
three classes, as follows: 

strong Electrolytes. Substances whicli, in water solution, are good 
conductors of electricity and are highly or completely ionized. Typi¬ 
cal examples of this class arc sodium chloride, potassium nitrate, 
nitric, acid, sodium hydroxide. With some exceptions, the strong 
electrolytes are of tiie electrovalent or ionic type. 

Weak Eleclrotytes. Substances wliicli, in water solution, are poor 
conductors of electricity and are slightly ionized. Examples of this 
class are acetic acid and ammonium hydroxide. (Water is so very 
Sightly ionized that it also may b(‘ n*garded as a nonolectrolyte.) 

Noneleetrolytes. Substances wliicIi, in water solution, dn not con¬ 
duct tile electric current and are not ionized. Examples are aleoliol, 
sugar, glycerin; also carbon tetrachloride, benzene, and toluene which 

are not soluble in water. These compounds are of the covalent or 
rionionic type. 
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Typical strong and weak electrolytes are listed in Table 11. This 
information is necessary in the writing of ionization equations and 
should be carefullv studied. 


Tabi.k II 


Slrotuj ICIecIroiyIt's (in tta/(T Solutions) 
(.Many frtH' ions) 


Weak Eleclrolytes (in Waler Solulions) 
(Few fm‘ ions) 


SlronK ( I aeiive aeids: ItCt. HN().i, Weak acids: UC-lliOj. U-COn. llaUOi 
ll:S(), IICN. II,S. dr. 

Stroiifi or ndivo bases: NaOII, KOII. Weak base: NII 40 II 
CaiOlt)-,, HatOIl)., 

Many soluble salts: NaCl. NaNOj, Some soluble salts (form few ions): 


NajSOi, KBr, Na-,C03, Cu(N0s)2, 
etc. 

All “ins»)luble” salts dissolve to some 
extent. Tlie dissolved portions are 
hifjldy ioni/.od. 


PbtC,H,(> 2 ) 2 . HfiCh.etc. 
Water, H-,0 (very weak) 


11. Solubility of Coiniuon Substances. Solubility Rules. 
The following statements regarding the solubility of cottunon sub- 
stattces will be found useful in the study of ionization and otli(*r topics 
in chemist rv and should be memorized. 

v’ 

а. Nearly ail salts of sodium, potassium, and jimmoiiimn are 
soluble, 

б. .Ml nitrates and acetates are soluble. 

c. All chlorides are soluble except AgCl, IlgC.l, Pbf’.U. (Pb(Tj 
is relatively soluble in hot water.) 

d. .Ml sulfates are soluble except BaS() 4 , SrSO^, ('aS(34. ld>S 04 . 

e. All sulfides are insoluble except Na 2 S, KoS, (NlUlaS. 

/. .Ml carbonates and pliospliates are insoluble except tliose of 
sodium, potassium, and ammonium and certain acid phospliates, 
Ca(ll 2 p 04 l 2 . etc. 

g. .Ml hydroxides are insoluble except NaOll, KOII, NlliOH. 
Ca(OIT) 2 , and Ua(OH )2 are of intermediate solubility. 


Exercises 

7. Mjiki' a list of 10 soluble comiMuinds and 10 insoluble compounds (use 
formulas and names). 

0. Make a list of 10 strong »*lectrolyles and 10 weak eleclrolytes (us»* formulas 
and natnes). 


12. Ionization Equations. Acetic acid, ll(.2H.i02. the acid 
found in vinegar, is a t\pi<‘al weak electrolyte which is onl\ slightly 
ionized. From conductivity and freezing-point data, it cati be calcu- 
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lated that a 0.1 N solution of acetic acid is 1.3 per cent ionized. This 
information can be indicated by the following equation: 

HC.H.O., H+ + C 2 H 3 O 2 - 

98.7% 1.3% 


In organic chemistry, the formula for acetic acid is written, CH3COOH, 
Using this formula, the equation is 

CH 3 COOH CH 3 COO- + H+ 

98.7% 1.3% 


The arrows in these equations indicate the extent of the dissociation 
into separate ions. The short arrow pointing to the right indicates 
that there are relatively few hydrogen ions and acetate ions; the long 
arrow pointing to the left indicates that a large proportion of the acetic 
acid molecules are not dissociated, in accordance \>dtli the percentages 
shown below the equation. 

Another weak acid is carbonic acid, H2CO3, and the ionization is 
represented in two steps, as follows: 

H'*' + HCOj" (primary carbonate ion) 

HCOa" + CO 3 (secondary carbonate ion, 

or normal carbonate ion) 

For llie ionization of a weak base, ammonium liydroxide, NH 4 OH, 
ail e(jualion can be written as follows: 

NH,0H4::±-NH4+ + OH" 


It is to be observed here, also, that the short arrow pointing to the right 
indicates that but few ions are present in the solution; the long arrow 
pointing to the left shows tliat a large proportion of the ammonium 
hydroxide is undissociated. 

In water solutions of strong electrolytes, e.g., sodium chloride, 
NaCl, and sodium iodide, Nal, the solid crystals, upon dissolving, 
are considered to be completely dissociated into separate ions, at least 
in dilute solutions. It was shown in Fig. 2 that ions exist also in 
tlie solid crystal lattice. The ionization equation showing the dis¬ 
sociation of an electrovalent compound can be represented thus (see 
Sec. 6 ): 

A+B- -- + B- 

or 


NaCi Na-" + Cl- 


The effeclive conceniration of tlie “free" ions in the more concentrated 
solutions of salts, iN'aC’l. etc, however, is not 100 per cent of the 
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quant ity of salt (Ussolved. I liis conclusion is based upon conductivity 
and freeziufj-point data. Because of complicating factors commonly 
referred to as inierionic affrarlions, chisleriiuj effects, drmj effects, etc. 
we can indicate the general ionization equation thus, 


A'B 


^ + B- 


The short arrow pointing to the left indicates that not all the ions an' 
entirely free from each other; i.e., the etTective concentration of the 


+ - 


free ions is not 100 per cent. The expressions, A^B“ and NaCl, 
represent the ions of the crystal lattice. In writing ionization ecpia- 
tions these charges are often omitted. In such cases, however, the 
ionic character of the substances should be kept in mind. The 
ionization equations for several strong electrolytes follow: 


Na/SOr" 

Cu+'^lNOs)-. 

K,'CrOr- 

Ca**^(OH)r 

H.^SO,” 

HCI* 


^ 2Na- + SO, 


^Cu‘' + 2NO.. 


+ CrO.” 


^Ca^* + 20H 


>2H'- + SO, 
^H' +C1- 


Kxorrises 

9. Write ioiii/atiim e(|iiations for potassium nitrate, KNOj; /ine sulfate, 
ZnSO,; hydr<ij'i>n sulfuli’. lt:S; potassium li\«lro\i(le, KOlI: aluminum sulfatt', 
M,(S().)3.‘ 

10. Classify tlie eoiiipoutuis in llxereise 9 as (u) aeids, l,ases. salts, (/»» slronj' or 

weak electrotvtes. 

% 

The facts and principles presented in this chapter should be thor¬ 
oughly revii'wed as they have a din*ct application in ( Itap. X. 


• Tor further consi<leratit)n of lliis eipialion refer to \. and Pt. 


CHAPTER X 


IONIC REACTIONS. ACIDS, BASES, AND SALTS 


In Chap. IX it was pointed out lliat the ions of bases and salts, 
in water solution, dissociate or break away from their positions in the 
original lattice structure. We shall now study some of the reactions 
in solutions containing ions, and we shall also learn more about the 
nature and the properties of acids and bases. The study of acids and 
bases is an important field in chemical research, with a >vide applica¬ 
tion in the chemistry of soils, the corrosion of metals, and other applied 
fields of investigation. 

1. Ionic Reactions. Since all acids, bases, and salts (V. 9) in 
water solution exist at least partially in the form of ions, practically all 
the reactions in sucii solutions involve the ions of the acids, bases, and 
salts. Thus the equation usually written 


NaCi + AgNOa —► AgCI + NaNOa (molecular equation) 


is actually incomplete since it ignores entirely the existence of the 

ions of NaCl. AgNOa, and NaNOa- For this reason, the equations for 

reactions between dissolved acids, bases, and salts are frequently 

written in the form ot ionic equations as explained in the following 
sections. 

2. Ionic Equations for Double Decomposition (Precipita¬ 
tion). The ionic equation for the reaction of NaCl with AgNOa may 
be written as follows: 


Full ionic (M]uations 


( NaCl 
AgNO. 


^ Na+ + Cl- 

•> NO 3 - + Ag+ 

, . 

NaNO, AgCii 


The long arrow pointing toward the AgCI imlicates that there will be but few 
Ag+ and Cl~ ions in the solution after mixing. 

The arrow pointing downward to the right of AgCl indicates that the AgCl is 
a precipitate. 


Su( h a scheme sliows all the ions that may be present and also 
imliciitcs tli.-ir n-lalivc concciilrations. At llie instant of iiiixiiiK, the 
concentrations of all 1 ioi's :ir<' n-lalivcly high, but \g+ and (’1^ eoii- 
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centralions are rapidly rodueed as the precipitate of is rormed. 

The concentration of Na-^ and INOa" ions remains unehaiified. 

The ionic equation given above may be simpliiied by indicating 
the ions present in large number and obtaining 

Na+ + Cl- 
NO 3 - + Ag+ 

AgCI 1 

Since Na+ ai\d NO3" lake no imporlanl pari in the reaction, this ecpia- 
lion may be further simplified to 


Ag+ + Cl 


AgCIi 


which is ki\own as a simple ionic etpialion. 


E 


xor<ases 


1. Write (fl) molecular, (/>) full iouic, (r) siiuph* ionic (‘({ualions for each of 
the following reactions in solution: zinc chloridt* with silver nitrate; aluiniiiuni 
chloride and silver nitrate; hariiini chloridt' and sulfuric acid; hariutu nitrate ainl 
potassiiiin sulfate; sodium hydroxide and copper stilfate. He sure that each ion 
has the proper charge and formula, tliat tlie entire e<iiiation halances tliroughout, 
and that all long and short arrows are in the proper <lirection. (Hefer to solu- 
bilily rules I\. 11.) 

2. List the ions that remain nearly unclumged in concentration in each <»f the 
above reactions. Then list the ions who.se concentrations are lowered to a marked 
e.xlent in each reaction. 

3, Complete and Incomplete Double Decomposition. Dou¬ 
ble decornposilion rcactious will be complele when ;i [trecipitate, a gas, 
or a slightly ionized substance snclt as water is formed. However, 
if NaCl and KNO 3 , for example, are mixed, little, if any. reaction lakes 
place. An ionic etpiiUion indicates the reason lor this beha\ior. 


NaCI 

KNOj 


^Na- -{-Cl- 
NO3- + K*- 


or 


Na* -f Cl- 

NO. -f 

no reaction 


possible products are soluble and higlily or comi)lelely 
re is no combinalion of ions that will unite to form a new 


Since both 
ionized, ther 
substance, and reaction fails lo occur. 

A double decomposition will also be more or less invomplele if tuie 
or more of the starting materials are insoluble (gas or pn‘( i})it.it() 
or slightly ionized. The extent of the incompleteness varies with the 
insolubilitv or ionization of tlu* aforesaid starting mateiiaU. 1 01 
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example, there is practically no reaction between HNO3 and AgCl 
because of the low solubility of AgCl. 

4. Properties of Salts from the Point of View of Ionization. 
From the point of view of ionization, all soluble chloride salts can be 
studied as a group; all such solutions behave similarly in many ways 
because chloride ions are present in all cases. Likewise, the study of 
other salts reduces itself to the study of their ions. A knowledge of 
the characteristic properties of a relatively few ions makes it possible 
to predict the behavior of a large number of salts. 

5. Properties of Acids and Bases from the Point of View of 
Ionization. All acids possess many properties in common, such as 
sour taste and the turtiing of blue litmus to red. From the point of 
\'iew of ionization these properties are easily explained. All acid 
solutions contain hydrogen ion,^ H'’’, and therefore all acid solutions 
act similarly on litmus and have many other properties in common. 
These are the properties of hydrogen ion. A solution that contains a 
high concentration of hydrogen ion has these properties to a marked 
extent, while a solutioti containing a low concentration has these 
properties to a lesser extent. Solutions of bases contain the hydroxyl 
ion, OII“, and therefore possess properties in common, such as soapy 
taste, changing red litmus to blue, and neutralization of acids. The 
chemistry of acids, bases, and salts in water solution thus reduces 
itself to the study of the ions of these substances. 

6. Neutralization. For some purposes, it is satisfactory to 
define neutralization as the reaction between an acid and a base, 
producing a salt and water. From the point of view of the ionic 
tiieory, neutralization is the union of hydrogen ion with hydroxyl ion 
to form wal(“r. 

H+ + OH-^^ H,0 

Modern tlieoretical chemistry defines acids, bases, and neutralizatioti 
in a broader manner (Sec. \'^). 

7. Ionic Equations for Neutralization. The ionic e(|uation 
for the neutralization of HCl bv N'aOH mav be written: 


NaOH 

HCl 


^ Na+ -f OH- 
^ C\~ + 


or 



i 

t 

NaCi H 

.0 F 


Na+ + OH 
Cl- H+ 

t 

.0 


or 


H^- + OH 


H2O 


* It is known that the hydrogen ion. is hydrated, IP II.C, or HiO+ 

(iiydroiiiiitii ion) in water solution. For simplieily, however, the ion will be desig¬ 
nated by the symbol. H', in this book (See. Lti. 
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Another example is 

2Na+ +20H- 

or H.COa COr^ + 2H *■ 

T 

2H,0 

Tiie slight ionization of one of the starting materials (lloCO^ in 
the last example) prevents the complete simplification of an ionic 
equation. 

Kxercise 

3. NVrIto (a) molooular, {b) full ionic, (r) siinplifiod ionic equations for the 
.eaelions; KOH + HjS 04 ; NILOH + HNOa; ZiUOII), + HCl; Fe(()H )3 

+ HoSO^; NaOII + IIjPO^. 



8. Titration. Titration is the process of measuring the concen¬ 
tration of a solution by allowing it to reac t with some oilier standard 
solution. A standard solution is a solution of known conceniralion, 
e.g., \N llCl. Titration of solutions of acids and bases is known as 
ucidimelry or alk(tlime(ry. 

If, for example, it is desired to measure the normality (VI1. 19) 
of a solution of NaOH, this solution is poured into a long graduated 
glass tube with a stopcock at one end. Such a tube' is known as a 
buret. The buret containing .50 or 75 ml. of the NaOll solution up 
to the zero mark is secured in a vertical position by a suitable clamp 
on a stand. A known volume (10 or 20 ml.) of standard IK'.l solution 
(IN or O.lAO is liien measured into a bc'aker which is placed under¬ 
neath the stopcock of the buret. A fi'W drops of litmus or plienol- 
phlhalein indicator solution is added to the solution in the beaker. 
A glass stirring rod is used to ensure thorough mixing of the indicator 
and the acid. The stopcock of the buret is opimed cautiously, and 
the sodium hydroxide solution is slowly addf'd to tiu acid. \\ licit the 
neutralization or “end point" is reached, the indicator will change^ 
color (red to blue with litmus; colorless to pink with phenolphtlialein). 
For practical reasons, the llC.l solution is sometimes i)laci‘d in the 
buret, and the Na(9U solution is measured from a graduate or pipelti; 
into the beakt‘r. 

Calculation of the normality ol the NaOll solution is based upon 

the fact that 1 1. of a normal solution of an acid contains l.tlOH g. 

of ionizabh* hvdi‘oi;i“n, and I 1. ol a normal solution ol a basi' contains 

• » 

17.008 g. of ionizable hydroxyl radical. These quantities are chem¬ 
ically equivalt'iil as indicated by the e(|uation: 
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Of 



+ OH- 

H,0 

1.008 g. 

17.008 g. 

18.016 g. 

1 " 

17 g. 

CO 


Since water is an extremely weak electrolyte, the above reaction is 
almost (luantitatively complete in neutralization. That it is not 
absolutely complete is shown by hydrolysis (Sec. 9), the reverse of 
iieulralizalion. 



tT(i. 1. yppanitu-i iis(mI in tilralion. 


(rishcr Scientific Company.) 


From the above ecpiation, it is clear that 1 1. of a 1/V solution of an 
acid will neutralizf' 1 1. of a liY solution of a base, that 10 ml. of a IN 
solution of IK'l will neutralize 100 ml. of a O.liY solution of a base, 
etc. From such relationships, it follows that the volumes of acid 
and l)ase us(“d are inversely proportional lo their noiinalities, or 


ml. ot acid: ml. of base: : normalil n of base: noinialit v of acid 


Suhslitulin^r the \alues ;:iven aho\e. we lia\(\ 


11) ml. acid: UK) ml. base 


0.1.Y of base:LY of acid 
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III a proportion, the products of the means and extremes are equal, or 


or 


or 


(100 ml. base)(0.1 of base) = (10 ml. acid)(lA^of acid) 


10 = 10 


(ml. of base)(normalily of base) = (ml. of a<'id)(n(ninalily of acid) 

Kxorcisos 

L llow many nnllilit«rs of 1/V MCI are roquirod to noulralizo 2.') ml. of 0. lA 
NaOH? 

5. 10 ml. of lA'^ nCl aro required to neiitra)i/e 10 ml. of KOIT. ^^Tlat is tlu’ 
normality of the KOll solution? What is the weight of KOll (lis.s»»lved in the 
10 ml. of IvOn solution? 

9. Hvdrolvsis of a Salt. This mav be defined as the reaction 

• * ^ 

of water with ions of a salt producing an acid and a base. Tims, it is 
the reverse of neutralization. It is almost always an incomplete reac¬ 
tion. A molecular equation for the hydrolysis of sodium carbonate is 

Na.COj + 2H,0 2NaOH H .COs 

Hydrolysis of salts causes some salt solutions to act either acidic or 
basic toward litmus and other indicators. 


Kxerci.se 

6. Write mulecular »*quations for llie liyclrolysis of (fl) CuSOa, (/)) I'et.I.i, 
(r) KCilbOi. {( 1 ) Na:.S, (c) ZnCl,. 

10. Ionic Kqualions for Hydrolysis. The ionic ecpiation for 
the hydrolysis of Nao(’0.} may be NMilten: 


Na*COj" 
2H.,0 <■ 


^2Na+ 

-20H- 


i 

2 NaOH 


+ cor 

+ 2H'- 

t 

H:CO, 


or 2HsO 4 


2Na^ +COr“ 

20H- + 2H’- 

T 

H:CO, 


It is to be obsiM'ved that IP unites with CO,— to form ll.PO,, 
because the latter is a weak acitl. The result is that an excess of 
011“ (over IP) is j)resenl in the \a 2 PO;i solution. 

Indicators are sensitive toexeessot OH oi' 11^,but are not al1e(l('d 

bv molecules of acids or bast's. 
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Exercises 

7. What color would you cxpecl litmus to show in a NajCOa solution? 

8 . Write (a) full and (6) siinpUfied ionic equations for the hydrolysis of each 
of the salts of Exercise 6. State whether each of these salt solutions would contain 
excess or 011“ and predict the behaWor of the solutions toward litmus. 

9. List two salts (other than those indicated above) whose water solutions 
will be (a) acidic (6) basic, (c) nearly neutral toward litmus. 

10 . Why would it be harmful practice to use sea water containing MgCL in 
steam boilers? (Write ionic equations.) 

11 . Sheet iron is often treated with ZnCU solution to remove the oxide film 
before it is galvanized. This process is known as pickling. Show, by ionic equa¬ 
tions, why the ZnCL solution would serve as a pickling solution. Consider the 
reaction 

Fe.Oa + 6H^- 2Fe^++ + 3H,0 


11. Ionic Equations for Displacement. The ionic equation for 
the reaction of Zn with CuS 04 solution may be written thus: 

Zn 4- Cu++ + SO — -» Cu + Zn++ + SO^— 


or, more simply, since the SO 4 ion takes no part in the action, 

Zn -F CU+'’' Cu + Zn-^-*" 


Tlie mechanism of this change is made clear by a consideration of the 
atomic structure of the ions and atoms involved. 

12. Displacement in Terms of Atomic Structure, During 
displacement each zinc atom loses 2 electrons and becomes a zinc 
ion and each copper ion gains 2 electrons and becomes a copper atom. 
In terms of simplified atomic structure diagrams, the equation is 

[Zn:]o + [Cu]++ [CuT + [Znl++ 
or 

Zn — 2e“ —* Zn+^' 

Cu++ -F 2e- Cu 


The Older in whicli metals “displace” or discharge ions of other 
metals follows tlie activity series (V. 8), known also as the electromo¬ 


tive senes. 


Exercises 

12. Explain why a soliilion of copper sulphate should not be made in a galva- 
nized-iron tank. 

l.k \\ rite («) niolectilar and (/>) simple ionic equations for those of the following 
eonihinalions in which ionic displaeenient will take jdace: A1 + AgNOj; 

Mg + OiSO^; Ag + Na!V 03 : Ph -F AgNO^: Mg + CrCL. 

Non;: Sections l.I a’ul I I niav be assigned at llie diseretio 1 of the instructor. 
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13. Other Concepts of Acids an<l Bases. The work of Fajans. 
Goldschmidt, and others has sliown that the hydrogen ion, II+, of 
acids does not exist free in solution as such, but rather in the liydraled 
or solvated form known as the hydronium ion, H+1I..O, or H 3 O+. Tlie 
fact that the IT'*' or proton (-f unit of eleclricily) is extremely small 
and reactive with water ex^plains the existence of the hvdroniuin ion 
I'o simplify t!ie writing of equations, it is convenient to use the term 
H+ as it was done in previous sections. The formation of hydronium 
ion from HCl is illustrated by the following etiualion: 

HCI + H,0 ^ H,0+ + Cl- (1) 

or, using electronic formulas. 


H : Cl : + H : O : 
• • « « 

H 


H :0 :H 
H 




in analogy with the formation of ammonium ions; 


NH, + H,0 — ISIH4++ OH 
ainiiioiiia 


( 2 ) 


Lo\\Ty and Bronsled define acids as proton donors and bases as 
proton acceptors. In Eq. (1), for example, lU'l (proton donor) is an 
acid and H 2 O (proton acceptor) is a base. In Va\. (2), however, 1I..0 
(proton donor) is an acid and Nlh (proton acceptor) is a base. Tliis 
concept of acids and bases is useful in connection with work in non- 
aqueous solutions. 

Another system of acids and bases of an earlier origin, and useful in 
mineralogy, is based upon the relative basic and acidic properties of 
a series of oxides. For example, 

hasif neutral acidic 

Na.o, CaO, AI .Oj, H,0, SiO„ CO,. SO 3 

The basic oxide, CaO, for example, combines readily with tlie 
acidic oxide, SO3, forming CaSOi. 

CaO + SO. -> CaSO, 

or, in terms of electronic formulas, 

• • 

:0 : 

• ■ « • • • 

Ca ; 0: + S ; O : - 


:0 : 


base 


0 : 


acid 


Ca:O:S : O 

• • • • • * 

:0 : 

« » 

sidt 
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From the above equation, it is seen that the base, CaO, contributes 
2 electrons to the acid, SO3, which, of course, gains or accepts the 2 
electrons. In this system of bases and acids (the G. N. Lewis system), 
the base is an electron donor and the acid is an electron acceptor. This 
classification of bases and acids may be extended to other types of 
reactions, for example, 

KCI + AlCU -- KAICU 

Excrciso 

14. Rewrite the equation for tlie reaelioii of KCI with AICI 3 using elwlronic 
formulas as in the reaction of CaO with SO3. 


It is ob\'ious from the foregoing discussion that the field of acids 
and bases is a large one. The choice of a classification of acids and 
bases depends upon what application is to be made of it. The original 
H+, OH“ concept of acids and bases, devised by Arrhenius for water 
solutions, appears to be simple and practical in the study of water 
solutions and is, therefore, used in this textbook. 

14. Hydrogen Ion Concentration, pH, Indicators. There 
are many reactions and processes that depend upon the acidity or 
hydrogen-ion concentration. In the reactions that take place in the 
tanning of skins, the decomposition of sewage, the treatment of boiler 
waters, the corrosion of metals, and the digestion of food in the body, 
the concentration of hydrogen ion is an important factor. 

The Danish chemist Sorensen proposed the pH system for express¬ 
ing tlie low hydrogen-ion concentrations in biochemical reactions. 
This system may be represented by the following scale of pH values: 


pH 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

r 


•neutral 


increasing 

acidity 


(pure water) 


increasing 

alkalinity 


The basis of the pH scale is discussed below. The measurement 
of pH may be done by indicators as shown in Table I, or by means 
of various instruments known as pH meters (Fig. 2). 

Water solutions of all acids contain an excess of H’^ (hydrogen ions) 

and water solutions of all bases contain an excess of OH“ (hydroxyl 

ions). 1 lie concentration of the ions in a given solution will, of course, 

depend upon tlie dilution and the extent of the ionization of the 
acid or base. 

Water is a neutral substance. It does, however, contain both H'*' 
and OH ions. The ionization equation is as follows: 
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H20<^H+ + 0H- 


In pure water the concentration of each of these ions has been found 
to be 1 X 10"^yV (or 0.0000001/V). According to the mass law,^ 

[H+1 X (OH-) = K 

the product of the molar concentrations of these ions in water is 

[1 X 10-7] X [1 X 10-’] = 1.0 X lo-*-* 

Upon this basis, it is clear that, if the Cu+ is greater than 10-’, 
the solution is acid; if less than 10“’, the solution is alkaline. For 



Fig. 2. pll or liydrogen-ion lecordcr. (Lirds un i ^’orlhntp Company.) 


example, a solution containing 1 X lO'W lU ion and 10-‘W 011“ will 
be acid; a solution containing 1 X 10-*®./V lU and 1 X IQ-W OH“ 
will be alkaline. 

Table I shows the color changes of various indicators at definite 
concentrations of H+ and OH- ions and the corresponding pH values. 

Note that a pH of 1 indicates that the solution contains 10“^ or 
1 X 10“’ or O.lN H+, that a pH of 7 indicates that the solution is 
neutral (pure w'atcr). The pH of human blood is 7.35. Is blood 
acid or alkaline? What is the pH of a solution containing 1 X IQ-'W 
H+? What is the OH- ion concentration in such a solution? The 
pH value is defined matheinaticallv as the logarithm of the reciprocal 
of the hydrogen-ion concentration or, 

pH = log 


' Or. law of inolocular <‘on<‘ontrali<*n. 
textbooks of general elieniistry. 


Hefer to Clieinieal KcniiliSiriurn in larger 





Approximate Indicator Colors 
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• Hildedhand: “Priociplcs of Chemistry.” 4th ed.. p. 171. By permission of The MacmiUan Company. 

t Pll .8 an abbreviated designaUon of the concentration of much used in biological work. Its meaning is obvious from the table. 
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or as the negative logaritlun of llie 11+ ion concentration, 

pH = - log Cn + 

For the reader who is not familiar with logarithms, pH may be defined 
as the exponent of the liydrogen-ion concentration with the negative 
sign omitted.' 
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CHAPTER XI 

CHLORINE, OXIDATION AND REDUCTION 


Chlorine may be regarded as tlie most important member of the 
halogen (salt-forming) family of elements, fluorine, chlorine, bromine, 
iodine. It is an extremely reactive element and is never found free in 
nature. Salts of chlorine, e.g.^ RCl and NaCl, are found abundantly 
as natural deposits. Sodium chloride is the chief industrial source 
material in the production of chlorine bv the electrolysis of brine 
(VIII. 11). 

1. Physical Properties. The greenish-yellow color and dis¬ 
agreeable choking odor of chlorine gas are very characteristic physical 
properties and serve to identify the element. It is poisonous when 
breathed in any quantity and should be kept confined in closed con¬ 
tainers. Laboratory work with chlorine should be done under hoods. 
Chlorine is heavier than air and can be liquefied at 6.6 atm. and 18°C. 
To conserve space, chlorine is generally shipped in the liquid form in 
cylinders or in tank cars. 


Exercise 

1 . Calculate the relative density of chlorine. CI 2 . and air. {The weight of 1 I. 
of chlorine is 3.17 g. The weiglit of 1 I. of air is 1.29 g., both at S.T.P.) 

2, Chemical Properties, Chhtrine resembles oxygen in a 
general way because it unites so readily with such a large number of 
other elements. 

Chlorine also reacts with many compounds, including water, 
sodium hydroxide, potassium iodide, and hydrocarbons such as 
turpentine, CjoHie. Chlorine reacts with cold water forming hypo- 
chlorous acid, HCIO or HOCl. 


H2O + CI2 ^ HCI + HOCl 

This reaction is reversible and incomplete. If the solution is exposed 
to sunlight. HO(.l is decomposed and oxygen is liberated. Chlorine 
reacts with steam as follows: 


steam 


2 H ..0 + 2CI2 ^ 4 HCI + O2 
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This reaction is also incomplete; in fact, in the past the reverse reaction 
was used as an industrial method Tor preparing chlorine (Deacon 
process). 

If chlorine is passed into cold sodium hydroxide solution, botli tlie 
HCl and the HOCl arc neutralized and NaCl and sodium hypochlorite, 
NaOCl, are formed. 

If chlorine is passed into potassium iodide solution, iodine is 
liberated and potassium chloride is formed. 

This reaction may be used as a test for chlorine since even a minute 
quantity of iodine gives a brown color. The test may be made even 
more sensitive by having starch present. An intense blue color is 
observed in the presence of starch. This so-called iodine-slarch lest is 
familiar to the student of biology. Iodine in compounds and iodide 
ion both fail to give the blue color with starch. Chlorine will slowly 
bleach the blue color. 

When chlorine is passed over lime, Ca(011).2, bleaching powder, 
CaClOCl, is formed. 

Exercises 

2. Write equations for the react tons of chlorine with five other <‘lenieiits, includ¬ 
ing two noninetals. 

3. Balance the following e<njatioii: 

NaOH + Cl, ^ NaCi + NaOCl + H ,0 

•t. Balance tin* following e(|uali<m iiidit-ating the ion^: 

Cl, + Kl — I, + KCI 

5. In which of the ftillt)wiiig coiiihinatit)ns w«)nhl a blue eolor lx* ohtaln»*(l: 
(a) KCI, KI and starch solution, ih) Cl,. 1, and starch >olution, (r) NaCl, I, and 
starch sohUion, (</) Cl,, Kl and starch solution, (,e) HCl. Kl and starch solutitui. 
{/) I, and starch solution, {g) Cl, and starcTi solution, {li) NaCl aiul starch solution. 
(0 KI and starch solution? 

6 . Write the equation for the formation of bleaching powder. 

3. Industrial Uses. Chlorine is used for st('nliziiig and disiii- 
fecting water and for bleaching eollon and linen texliles, paper, and 
wood pulp; also for the manufactun^ of compounds that serve as 
disinfectants or bleacliiiig agents. Sinalh'r aiinninls are used in tlie 
recovery of tin from tin plate, and in the preparation of (‘Inanicals such 
as Prestone and neoprene rnbher, as wcdl as many common chlori(h“S, 
CCI4, etc. The total production capacity of chlorine nianiilactnring 
plants in the United States in 1910 was more than 650,000 Ions. 

7. Namo anti givt* ftjrninlas nf live ulilnrltlus ( \ III. 
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4. Bleaching with Chlorine. That dry chlorine does not act as 
a bleaching agent is easily demonstrated. In the presence of moisture, 
the following reaction occurs: 

CU + H.O ^ HOCI + HCI 


Tlie hypochlorous acid thus formed is the real bleaching agent. It 
bleaclies the dye by oxidation as shown in the following equation: 


CieHioNoO. + 2 HOCI 2 HCI + 2C8H5NO2 

indigo isatin 

(a blue 


dye) 


(a colorless substance) 


In general, this reaction may be summarized thus, 

(Dye molecule) + HOCl —» HCI + (oxidized and colorless molecule) 

Obviously neither wet chlorine nor HOCI will bleach a dye that 
cannot be oxidized. There are numerous dyes that are unaffected by 
chlorine bleaching materials. 

5. Bleaching with Bleaching Powder. If a material to be 
bleached is first dipped into dilute H 2 SO 4 solution and then into a 
suspension of bleaching powder, rapid bleaching occurs because HOCI 
is formed. 

CaCl(OCl) + HSOi -> CaS04 + HCI + HOCI 


Other acids may be substituted for H 2 SO 4 . Bleaching powder 
alone suspended in water will slowly cause bleaching because the C 02 
of the air dissolves in the water and forms carbonic acid which reacts 
with the bleaching powder, forming a slight amount of hypochlorous 
acid. 

6 . Bleaching and Disinfecting Preparations. Soluble hypo¬ 
chlorites, such as NaOCl, exert a slow bleaching action (much slower 
than with HOCI), and common bleaches such as Zonite, Clorox, and 
Javelle water usually contain sodium hypochlorite, or closely related 
substances. Solutions of this type possess powerful disinfecting 
properties and have found extensive use in sanitation and surgery. 
During the First World War, two eminent scientists (Carrel and 
Dakin) developed a solution containing sodium hypochlorite and 
sodium chloride, known as Carrel-Dakin solution, for the disinfection 
and irrigation of deep wounds. Had this solution been available 
during the Civil War, uncounted lives of soldiers would have been 
saved. 

Bleaching powder, or chlorinated lime, can be used for sterilizing 
water and utensils used in handling milk and other foods, and water 
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for domestic use. Because of meclianical difliculties in the use of 
bleaching powder, such as clogging of feed lines, it is now (he usual 
practice to use chlorine from tanks in sterilizing Ihe water supplied to 
cities. 

7. W ar Gases. Chlorine may be regarded as both a blessing 
and a curse to mankind. We have just learned how it is used to 
sterilize water and to prevent infection in wounds. I nfortunalely, 
men have found ways of making and using some of the very poisonous 
compounds of chlorine in warfare. C'hlorine, first used by the Ger¬ 
mans in France in was superseded by other more eflVctivc' gases, 

mainly compounds of chlorine, some of which are listed in Ihe accom¬ 
panying table. 


Coininon nanie 

I'orinula 

CInunical name 

Pliosfiene. 

Mustard izas. 

cocu 

Ci\(),C.li 

(C„IU),.\sC! 

Carbonyl (diloride 

Dicldorodiet h\l sulfide 

Chloropicrin or nilrochloroforni (cliloroform 
is CilCb) 

Diphenylelilorarsiiie 

Tear iras . 

Siuu'/o £ras. 



Tlie possible use of war gases in llie Second World War nec(‘ssita(e(l 
the large-scale manufaclun' and distribution of gas masks especially 
in Great Ihitain. The caimisters of gas masks contain cliarcoal and 
other substances known as mlsorheiils, specially j)n'()ared to adsorb the 
gases or neutralize tlieir ofl’ects. Bieacliing powdeu' is an (dVeclive 
decontamination agiuil. New discovei'ii's in the <'lieniical waiTare 
services in the dilVenmt countries are, of cours(‘, close!) guarded 
secrets. It is earnestly liojted that no natitni will ever embark upon 
the widespread use of war gases. Tlie secondary altei'ellects of war 
gases may jH'rsist long after bullet or shrapnel wounds ari' lucded. 

». Itovicw the fiirii.iilas of tin- war listeii in See. 7. and show l>y calculo- 

lion whii li cotiiponnd ((plains (a) llie larp'st iMTcentai’e, [h) the smallest pereent- 
(if eomhined chlorine. 

it. Iiidiislrial Preparation <»f (Jiloriiie. Ml laige-scale produc¬ 
tion of chlorint^ is hv the (dectrohsis ol brini* 111. 111. 




9. Write the eipialion for the eleclrol\''is of hrim*. 

10. Construct a lah.ded diatxratn of the cell used for th.' elecOoUsis of hrinc 
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9. Laboratory Preparation of Chlorine, Oxidizing Agents, 
Chlorine may be conveniently prepared by the reaction of manganese 
dioxide or lead dioxide with hydrochloric acid. The gas is collected 
by upward displacement of air in a closed v(*ssel under a laboratory 
liood, since it is heavier lhan air and soluble in water. The equations 
for the reactions are as follows: 


MnO. + 4HCI — 2 H 2 O 4- MnCU + Cb (1) 

PbO. + 4HCI-^2H,0 + PbCU + Cb (2) 

It is to be noted that in the above equations two of the cliloride ions 
of HCI are converted to Cb gas and two of the chloride ions go to 
make up the chloride of the metal, also that the 4 hydrogen ions of HCI 
combine with the oxygen from the dioxide to form 2 molecules of water. 
As a general statement, we may say that the AlnOs and the Pb02 are 
oxidizing agents. 

Other oxidizing agents, e.g., potassium permanganate, KMnOj, 
potassium dichromate, K 2 Cr 207 , and potassium chlorate, KCIO3, also 
react with HCI, forming free chlorine. The HCI solution should be 
made by diluting concentrated HCI with water (about 1:1). The 
skeleton equations for tliese reactions are as follows: 

KMnO, + HCI ^ H 2 O + KCI + MnCb + Cb (3) 

K^Cr.O: + HCI ^ H.O + KCI + CrCb + Cb (4) 

KCIO, + HCI H,0 + KCI + Cb (5) 


Exercises 

11 . NN by is it incorrect to regard the Mn 02 as a catalytic agent in the reaction 
of Mnfb with HCI? 

12. Copy skeleton Eqs. (3) to (5) and balance each by estimating (a) the nuni- 
b(‘r of molecules of water formed, (6) the number of molecules of the chlorides 
formed, (r) the number of molecules of chlorine formed. (Note that in Eq. (3), 
.3C1 or 2^2 CI 2 are formed in the balanced equation.) 

Chlorine gas is also set free by the reaction of MnOs and other 
oxidizing agents, with a chloride salt mixed with dilute H2SO4. Such 
reactions are illustrated by the following balanced equations: 

2 NaCI + 3H..SO4 + Mn 02 2NaHS04 + MnS04 + 2H2O + Cb ( 6 ) 
CaCb + 2H2SO4 + Mn02 -> CaS04 + IVInS04 + 2H2O + Cb ( 7 ) 

OXIDATION AND REDUCTION 

10 . In each of the equations given in Sec. 9 we have noted that the 
oxidizing agent provides oxygen, wliich combines with H+ of the acid, 
lortniiig water. In this connection, then, we think of oxidation as 
combining with oxygen. 
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A more careful study of the foregoing equations, however, will 
reveal that a part of or all the chloride ions, Cl“, are converted to free 
chlorine, CI 2 . In order to understand what is involved in this change, 
we shall review tlie structures of the ion and tlie atom of clilorine. 
(The atomic number of Cl is 17.) 


Tlie ion Cl- 

2e-)86-)8a 


The atom Cl 

2e-)8e-)7e 


or 


17^,180- 17^17e 

WluMi Cl“ is converted to Cl®, 1 electron is removed from tl»e ion, 
thus, 

Cl- - 1e- - 


or 


Cl 


2CI- - 2e- ^ CI 2 


Loss or removal of electrons is called oxidation. Cliloride ion is 
oxidized to chlorine. 

Oxidizing agents (MnOo, etc.) gain or combine with electrons and 
are thereby reduced. Gain of electrons is called reduction. Tlie trans¬ 
fer, or gain and loss of electrons, is involved in all reactions of the 
oxidation-reduction type. The term oxidation-reduction has bi'en 
extended to include all reactions that involve transference of electrons. 
Some of tiiese reactions involve no oxygen at all, for example (see 
Exercise T), 

Cl.> + 21- — 2Ci- + I-. (8) 

This ecpiation may be written in two steps, thus. 


or 


2I- - 2e 


Clj “I" 20 


—» I n 


2CI 


(oxidation, los>4 2<‘ ) 


(rtMiiK'liot), gain 2<.’ ) 


Canceling the 2e~ and adding, 

CI 2 + 21 — 2CI + I.. 

V.xervisvs 

13. Which is th« oxi<li/ing agent an<l whieh is the n-diicing reagi-nl in tin* 
above reaction? 

11. Tor the reaction. Zn -i (ai'Zn ‘ (ai. iialM ale («) the electrons 

lost. (/;) tlie electrons gained, (r) the siihstanee oxidized, (d) the siihslaiu-e rediieed. 

II). Write another eiiiiation similar in txpe to that in I'.xi'ieise 1 1 and answer 
the qiK'stions. 
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Relations exactly similar to the above are found in all oxidation- 
reduction reactions. It is to be remembered that 

a. Oxidation is increase in the + valence of an element. 

b. Reduction is decrease in the + valence of an element. 

c. Oxidation involves loss of electrons. 

d. Reduction involves gain of electrons. 

e. Neither oxidation nor reduction ever occurs alone. 

/. Total electrons lost always equal total gained. 

g. The number of electrons gained or lost by a single atom is equal 
to its valence change. 

h. Any element in the free state has a valence of zero. 

The more important of these ideas are summarized in the following 
table: 

Loss of electrons 
Increase in positive valence 

OXIDATION 

- y 

(Valence numbers) 

“3, —2, —1, 0, +1, +2, -1~3, +4, +5, +6, 4-7, -|-8. 

i - 

Gain of electrons 
Decrease in positive valence 


REDUCTION 


CHAPTER XII 

THE HALOGEN FAMILY OF ELEMENTS 


The group of elements, fluorine, chlorine, bromine, and iodine has 
been referred to as the halogen family of elements. The word ludogen 
means “salt former.” These elements are similar in many respects. 
Variations in properties, e.g., color and physical state, occur in a 
regular manner with increasing atomic weight. These variations are 
summarized in Table 1. 


T.viu.k I 


lltilop;on 

elements 

Atomic 

1 

weight 

Color 

Physical 
state at 

room 

tt*m- 

1 

peralure^ 

t 

1 

Chemical 
acti\ itv 

1 

1 

1 

1 lalogt'ii 
acids 

1 

1 ialogeii 
salts 

Fluorine. 

19 1 

1 

1 \ erv pale 
yellow 

< ias ! 

Most 

1 active 

1 1 

1II*', h>dro- 1 
tiuorii', ^ <Ty 
stable to 

heat; dilH- 
cull to oxi- 
1 di/e 

Miiorides, 

NaF. CaF, 

Chlorine. 

1 

Creemish 

yt'llow 

(ias 

1 

1 

irCI. hv<lro- 
% 

chloric 

Chlorides, 
\aCl. MgCl. 

Bromine. 

i 79 

1 

Beddish 

1 

1 brown 

l.itpiid 

* * • • 

HBi. hydro- 
liromie 

Bromides, 
IS'aBr, MgBrj 

Iodine. 

126 

I’urple 1 

1 

: Solid 

I-east 

acti\e 

Ifl.hvdriod- 
‘u\ «lecom- 
posed easily 
h y hea t , 
easily oxi¬ 
dized 

' Iodides, Nal, 

KI 


1. Occurrence. \onc of (hcs<* elements occurs in llie free slate 
in nature, but th(“ir compounds art* cununon. The most common 
compounds are Cal*’j, i\a(T, Algt l-j, iNaHr, Mglii^ tin luini's and 
sea ^\aleI■), Nat. and NalO.-i (sodium iodate found mixed with \a\()j 
in Clnle saltpeter). 
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2. Uses. Some fluorides are used as insecticides and fungicides, 
otliers are used as fluxes in metallurgical operatioTis. Hydrogen 
fluoride is used to etch glass. It is also an important catalyst. The 
compound, ('(’I 2 F 2 , dichlorodifluoromet hane (Freon) is used extensively 
in refrigeration and in insecticide sprays. It is nontoxic to human 
beings and readily dissolves insecticide materials, e.g., pyrethrum. 

Bromine in the free state has no direct uses, but it is produced in 
appreciable amounts for the preparation of various useful bromides 
such as ethylene dibromide (a component of ethyl gasoline), silver 
bromide (the active material on a photographic film), and potassium 
bromide (a sedative in medicine). 

Iodine is dissolved in alcohol to prepare tincture of iodine. A 
number of iodine compounds are of importance in medicine. Thus, 
potassium iodide is often used to cause absoi-ption of blood clots in 
the eyes or in the brain. Iodoform, CHI3, is used externally to reduce 
swelling and inflammation. A small amount of iodine is essential in 
the diet. Most of this iodine is concentrated in the thyroid gland 
which forms thyroxin. Apparently, a lack of sufficient thyroxin 
causes the serious degeneration kno^vn as cretinism, because adminis¬ 
tration of thyroxin is a successful method of treatment. The thyroxin 
used is extracted from the thyroid glands of sheep or may be synthe¬ 
sized in the laboratory. 

Although there is a definite relationship between the amount 
of iodine taken into the system and the prevalence of goiter (disease 
of the thyroid gland), it is not to be concluded that lack of iodine is a 
universal cause of goiter. In older people, the exophthalmic type of 
goiter which is accompanied by protrusion of the eyeballs and serious 
liearl and nervous disturbances may be due to an excess of thyroxin in 
the system. Individuals having symptoms of goiter should consult 
a medical specialist who will, in most cases, be able to relieve the 
difficulty by treatment or by surgery. 

It is interesting to note that goiter is more prevalent in the inland 
regions of the United States than elsewhere, although this is not 
universally true; for example, the northern Pacific coastal region has a 
higli goiter rate. Other factors such as elevation are involved. The 
lowest rate per thousand appears to exist in the areas along the Atlantic 
r.oast and in the Soutli Central states. Goiter is found about six 
times more frequently among women than among men. 

3. Etching of Glass by Hydrogen Fluoride. Hydrogen 
lluoride is generally prepared by the reaction of H2SO4 with CaF2. 
It is a gas and is very soluble in water, producing a weak acid. 
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HF4^ + F- 

Tlie formula of the gas is usually written H 2 F 2 . Experiments intended 
to establish this formula, however, show that the molecule varies in 
size (HF, H 2 F 2 , HeFe), depending upon the temperature. It is prefera¬ 
ble to use the simple formula, HF, in equations that involve the ions. 

Hydrofluoric acid must be kept in wax bottles because of its action 
on glass. Glass may be considered to be a mixture of Na 2 Si 03 and 
CaSiOs. The reaction is shown by tlie equation: 

CaSiOs + 6HF SiF*T + 3H;0 + CaFj 

Calciiitn silicon 

mctasilicate tetralluoride 

Exercises 

1. Show by calculation that the p<‘rcciitage composition of each of the fonmilas 

HF. and HsK* is the same. 

2. Write the equation for the reaction of CaFj and H,.S 04 to produci* HF. 

3. Write equations for the reaction of HF («) with NajSiOj, 1,6) with SiOj. 

4. Displacement Series of the Halogens. Huoriiio is the most 
active of the halogens and, when in the free state, it will displace any 
of tlie other halogens from a halide salt. 

Chlorine stands next in activity after fluorine. Free chlorine will 
thus displace brotnine from a bromide and iodine from an iodide, but 
not fluorine from a fluoride. Bromine is less active than chlorine btit 
more active than iodine. 


Kxi'rcises 

1 . Complete and balance the following if, and only if, the reaction will actually 
take place: 

(n) CI 2 "1“ K1 —* 

(6) Clj "F CaF 2 — * 

(c) U + KCI 

(d) Br; + Mgl-. 

(e) Brs + MgCU —* 

(/) CI2 + KBr 

(,9) I3 "h NaBr —► 

( 6 ) Cl; + HI -> 

(0 Br; + HI — 

ij) h + HCI — * 

5. Ionic Equations for Halogen Displacements. I'liese 
equations may be written in exactly tlie same manner as in llie case of 
the displat'emeni of om* rnettillic ion by anotlier rnelal. 

Exercises 

r>. Uewriti* (lie e(juati<»ns of Kvn iso 1 ffor ddcIi mu liDn that at Uially lakes 
phu'e) in the siinplt'sl |)<»ssili!e ionie form. (HefeT lo \l. 10.) 
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6 . Mark each of the equations of Exercise 5 to show the oxidation, reduction, 
and electrons gained and lost. 

6 . Preparation of the Halogens in the Free State. Fluorine 
may be prepared only by electrolysis of molten fluorides in copper 
apparatus. Chlorine is prepared either by electrolysis or by oxidation. 
Bromine and iodine are prepared either by electrolysis, oxidation, 
or displacement. 

Exercises 

7. Write equations to illustrate the two methods for the preparation of chlorine 
and the three methods for bromine. 

8 . Write equations for the electrolysis of water solutions of («) KCl, (6) KBr, 
(c) Ivl. (KCl + HjO, etc.) 

9. Write equations for the following, assuming that, the skeleton equations will 
be analogous to those for the preparation of chlorine: 

KBr “h MnO;; “|~ H2S04 —* 

Kl + MnOs + H2SO4 


7. Stability of the Halogen Acids as Related to the Atomic 
Structure of the Halogen.s. In Table I it is stated that HF is very 
stable wlien healed and difficult to oxidize while III decomposes when 
heated and is easily oxidized. Analogous properties are illustrated in 
the reactions of tlie halide salts witli concentrated sulfuric acid. The 
skeleton equations for these reactions are as follows: 

NaF + H..S04 NaHSO^ + HF 
NaCi + H2SO4 — NaHS04 + HCI 
NaBr + H.SO, NaHS04 + HBr 
HBr + H2SO, -- Br. + SO2 + H.O 
Nal + H.SO4 ^ NaHSO, + H! 

HI + H2SO4 -> I. + H2S + H2O 

It is an interesting seienlific problem to explain the difference in 
reactions of the halogens and their compounds. Let us examine the 
atomic structure diagrams for tlie -1 atoms. 


EhMuent 

1 

Alornic iniinhcr j 

1 

Atomit? structure 

Atomic diameter, 
cm. X 10® 

F 

9 1 

9+)2c-;7c- 

1.28 

Cl 

17 

17+)2f'-)8c-)7c- 

1.98 

Br 

35 

35-*-)2c-}8r“)18e-)7c- 

2.28 

I 

53 

5:i^)2e-)8c-)18c-)18c-)7e- 

2.66 


In lluoiine there are only two electronic orbits (or levels) while in 
iodine there are live electronic orbits, outside of the nucleus. The 
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outside orbit or valence orbit contains in eacli case. To Ibrin the 
ions Cl~, Br~. 1~, requires the addition of one electron, (le~) 
to the atom in each case: c.f/.. Cl-f ^ Cl“, etc. According 
to Hie simple coiu'cpl of electrical attraction of unlike (-f and —) 
charges, as related to radius or distance, it would be exqiected that the 
chlorine atom would attract an electron much more strongly than a 
bromine atom, and that the reaction, 

CL + 2Br- 2C|- + Br, 
would take place. Why? 

By the same reasoning, we would expect that iodide ion, I“, 

would lose its electron most readily and 1*'“ the least readily of the 

group. Sulfur in concentrated IBSO^ has a strong attraction for elec- 

6 + 

trons. Its structure may be expressed (for ILSO.,), as 16-|-)2e“) 8e“). 

In the reactions of the halides with concentrated sulfuric acid, the 
sulfuric acid is an oxidizing agent (gains electrons) and the halide ions 
are, in the case of NaHr and Xal. reduc-ing agents. 


Kxcrcisi's 

10. W'rito atoniic slnicturc's for tin* ions K”, Ur^, I”. For O'Oiiplc*, F, 

9t-)2e-)8r-. etc. 

11. Write tlic eciualion for tlie reaction »»f lIBr with snlfnric ai id. and lialancc 
it l»y indii'aliii}! ttu* correct naiubers of cli*ctrons jrained and lost. What is tin* 
oxidiation product? (’the ixMlin’tion product isSd*.) 

12. Repeat ILxercisi* 11 for the reaction of 111 with sulfuric a< id. (The reduc¬ 
tion product is H:S.) 

1:L Explain why there is no oxiilation and redia tion in the reaction of NaF and 
NaCl with sulfuric acid. 

a. Reactions of Halide Salts with Silver Nitrate. The soluble 
halide salts (c'hlorides. bromide's, and iodidc-s) form insoluble Ag(’l, 
AgBr, AgT, with silver nilrale solution. 

F^x«‘reises 

It. Tabulate the solubilities of VfiF. V-Rr. Aj:! (see solubility table, 

\ppendix) in jirarns per 100 ec. and in moles per liter of water. 

l.'>. Write tu) full ionie ecpiations and ihi simph- ionie e<piations for the reaction 

of \{iN 03 with NaCL with KRr; ami witli 

16. What industry makes usi* of >»icli rea<-lionson a larfie scale? 

St (;(;i;s i !.i> iti.viuNt; 

Rkinmcth. Application of the Klectn.nie Theory to Oxi.lalion-Hedu. li.m, ./. Chen,. 

fcV/uru/mn. 6, .'>27 (10291. . 

STEWAnr, Commercial Kxtraclioii of Rromine from S.-a Water. In,!. hn,j. (.hem., 

26, 361 (193 1). 

Robertson, New American Iodine Industry, hid. hmj. (.hem.. 26, .{.6 (1931). 


CHAPTER XIII 

MOLECULAR WEIGHT AND VOLUME 


The term molecular weight has been referred to in previous chapters. 
From the study of the crystal structure of electrovalent compounds, 
e.g., sodium chloride, it is known that such compounds do not exist as 
separate and distinct molecules. The elements that make up these 
(solid) compounds exist as charged particles (ions) in definite positions 
in a continous pattern or lattice. It is therefore more appropriate to 
use the term formula weight rather than molecular weight in the case of 
these compounds. For example, the formula weight, of sodium 
chloride, NaCl, is 58.45, 

Compounds (and many of the gaseous elements) of the covalent 
type, howe\er, do exist as separate and distinct molecules which 
have definite molecular weights. It is a comparatively simple opera¬ 
tion to deterrniue the molecular weight of such compounds, especially 
if they are liquids that can be easily vaporized, e.g., benzene, carbon 
tetrachloride, and related compounds. 

In this chapter, we shall consider some of the laws and principles 
upon which molecular weight determinations are based. Calculations 
involving relative volumes of gases, etc., will also receive attention. 
Some of tliese calculations are of great practical importance in the 
study of the combustion of fuels. 

1. Relative Volumes of Gases in Chemical Reactions. In the 
demonstration of the electrolysis of water it was shown that 2 volumes 
of hydrogen and 1 volume of oxygen are formed. It can be shown also 
by experimental measurement (M. 1) that, when hydrogen and 
oxNgen are mixed in a closed tube and ignited by a spark forming steam 
(above 100 C.), tlie relative volumes of gases used and formed are 

2 volumes hydrogen to I volume (ixygen to 2 volumes steam 

Iti the ease of another well-known reaction, tlie combination of 

livdiogen with chlorine forming hydrogen chloride, the relative 
volumes are 

1 volume hydrogen to 1 volume chlorine to 2 volumes hydrogen chloride 
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2 . Gay-Lussac’s Law of Conibininji Volumes. From a sIikIn 
of the two reaclioiis referred lo jd)(»ve and many other ^njsc'ons 
reactions, Gay-Lnssac (1808) establislied tlic law of coinhiiiiiif^ 
vohnnos: Al llir same lempcralarc and pressure, Ihe relallve rolumes 
of gases used and formed in a reaelion can he erpresed as small ivhole 


H'^droqen 
2 volumes 
2 liters 


Oxygen 
1 volume 
1 liter 






— 




Steam 

2 volumes 

2 liters 


Hydrogen 
1 volume 
1 liter 



+ 


— 




Chlorine Hydrogen chloride 

I volume 2 volumes 

I liter 2 liters 

Fig. 1. lllustralitms of (iav-Liissai's Law. 


numbers. In Fijr. 1, llie application of this law to the n'aclions 
mentioned is shown in graphic forin. In tlie application of tliis law, 
three important points are to be noted: 

a. The total volumes of gases that react may be equal to, gn'ater 
than, or less than the total volume of gases formed: i.e., there may be 
contraction or expansion of the gases, owing to the fact that new prod¬ 
ucts are formed in the reaction. 

b. The total weight (mass) of the gases used always eipials the 
total weight of the gases formed in tlie reaction, in conformity witli 
the law of conservation of mass (II. 7). 

c. The Gay-Lussac volume relations hold true only for gases (al 
the same teinpinature and pressure) aiid not for liipiids and solids. 

3. Avoga<Iro’s Law. Kclalion between Volumes and .Mole¬ 
cules of Gases. Three years after Gay-Lussac’s law was proposid, 
Avogadro, an Italian investigator, concluded (1811) that tlaa-e 
must be some relationship between the relative volumes and the rela¬ 
tive numbers of molecules involv«*d in a gaseous reaction, 'fliis 
relationship first pres<M>ted as a hypothesis and later known as .\\oga- 
dro's law is slated as follows: Al Ihe same lemperalure and pressure. 
e(pial volumes of all gases conlain Ihe same number of molecules. 

Avogadro’s law explains a nuiidx’i- of th(‘ properties of gases, e.g.. 
the uniform expansion of all gases with the same increase in t^anpcaa- 
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ture. By means of tliis law, the number of atoms in the molecule of 
oxygen, hydrogen, chlorine, etc., can be determined. The law is also 
a basis for the determination of molecular weights of gases and volatile 
liquids, and for calculations of relative densities and relative volumes 
of gases. 

4. How Many Atoms in the jMolecule of Oxygen and Other 

Gases? It has been shown that 2 volumes of hydrogen combine with 

1 volume of oxygen, when ignited, forming 2 volumes of steam. From 
Avogadro's law it follows that 2 molecules of hydrogen combine with 1 
molecule of oxygen forming 2 molecules of steam. 

Hydrogen + oxygen forms steam 

2 volumes 1 volume 2 volumes (by experiment) 

2 molecules 1 molecule 2 molecules (by Avogadro’s law) 

From the composition of steam, H 2 O, we know that 2 molecules 
of steam contain 2 atoms of oxygen, which must come from the 1 
molecule of oxygen. Therefore, 1 molecule of oxygen must contain 

2 atoms of oxygen, O 2 . 

Exercises 

1. Prove that there are 2 atoms of hydrogen in the molecule of hydrogen. 

2. Prove that there are 2 atoms of chlorine in the molecule of chlorine. (Refer 
to the reaction of hydrogen with chlorine.) 

5. Reacting Volumes of Gases. By means of Avogadro’s law it 
is possible to calculate the relative volumes of gases used and formed 
in a gaseous reaction. 


Exercises 

3. («) Balance the following equations and (6) indicate the relative volumes of 
gases used and formed in each reaction assuming that the temperature and the 
pressure remain constant: 

1 1) CO "L O,; —* CO 2 

(2) CHi + O.-^CO; + H 2 O 

steam 

{A) C7H1C -f- O2 —> CO2 -p H^O 

steam 

( U CS2 + O2 CO2 + SO2 
vapor 

(.>) H.S + 0 . ^SO. + H.,0 

steam 

i. If 21. of (1) CO, (2) CH,. (.I) (1) CS, (vapor), (5) HjS are used in the 

respet live reactions of Exen-ise 2, calculate for each reaction (a) the volume of 
oxygen r(‘quired and (6) the volume of each product formed. 
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6. Gram jMoleciilar au<l Gram Molecular Volume. 

Since equal vohunes of all gases, at llie same temperature and pn'ssun*, 
contain the same number of molecules and, since e(|ua! volumes of 
different gases have dilVerent weights (c.r/., at S.C., 11.of oxygen weighs 
1.429 g. and 1 1. of liydrogen weighs 0.09 g.), it follows that these 

and hydrogen 



molecvdes. 

By general agreement, cliemists have adopted llie weight of 22.1 1. 
of oxygen at S.C. (32 g.) as tlie standard basis for the determination of 
molecular .veights of gases and volatile substances. 

The gram molecular weight (G.M.W.) or tl»c mole of a gas or a 
volatile substance is tlie weight of 22.1 1. at S.C. and the gram molecular 
volume (G.iM.V.) of a gas or a volatile substance is the volume (22.1 1.) 
at S.C., occupied by I gram molecular weiglit of the substance. 
(The pound molecular volume or pound mole volume is 359 cu. ft. al 
S.C.) Table I contains these values for several common gases. 


Tabi.i-: 1 


(Jas 

C.M.W., g. 1 

(approximate), 
liters at S.C. 

0, 

32 

J 

Ih 

2.016 

22. t 

Cl. 

70.90 

22.1 

IICl 

:U). 1.") 

22. ! 

COj 

1 II 01 

22. 1 

SO: 

j 61.06 

22. 1 

1 

Mb 

17.021 

1 22.1 


From tlic data in Table i it is 
a given volume of any gas al 


possihh* to calculate the weight of 
S.C. (or at other teinperatiires and 





Fxrrrise 



Cum ulate the Wfijrht <4 1 I. <>f «*a« h of tli«‘ foll«*«ing 
SOa; Nllj. I’er exainplo, for llj, 


al S.C: O-j; Cl-; 


22.1 1 . 
1 1 . 


Ila at S.C. wiMj.'li-' 2.016 

IC at S.C. uci-iiis = o.oy g. 


7. IIoM Many .Molecules Are There in the (;ram Molecular 
Weight or Gram Molecular Volume? Avogadro's Nuinher. Il 
has been determined by se\eral expel imeiilal methods' that llie a( lual 

^ScMKH. “Soim* Mctliods »)f Dfleniiiiiltig .Vxogadro’s AiiiiiIht.” ./. Clicin. 

Educaliom 6, 299 (1929). 
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number of molecules in the gram molecular weight or gi*am molecular 
volume is the enormous number, 6.02 X 10^^, or expressed in a more 
striking form, 602,000,000,000,000,000,000,000. This number, in 
honor of Avogadro, is called the Avogadro number. By means of this 
number one may calculate the actual weight of the single molecule. 
For example, the weight of the oxygen molecule is calculated as foUows: 

G.M.W. ^ ^ 5 Q y iq_23 = A?. Q 

Avogadro no. 6.02 X 10-* ' 10^^ 

This value is, of course, far below the range of sensitivity of chemical 
balaiices, hence we must use the mole or gram molecular weight, 32 
g. for oxygen, 36 g, for hydrogen chloride, etc., in work on molecular 
weights. 

This volume contains: 

32 grams of oxygen 
(or) 1 gram molecular weight 
or 1 mole 

or 6x10^^ molecules of oxygen 

Each molecule weighs: 

5.3 X lO'^^gram 
or, 5.3/10^^ gram 

Fig. 2. The gram molecular volume. 

Exercise 

6 . Calculate tlio weight of the single molecule of (a) CI 2 , (6) HCI, (c) COj, 

((/) SOj, (e) Hj. 

8 . How Is Molecular Weight Determined? The gram molec¬ 
ular volume principle can be used to determine the molecular weight 
of a gas or a liquid that can be readily vaporized, the formula for 
which is not known. The weight of a measured volume of the vapor, 
at definite temperature and pressure, is found by experimental measure¬ 
ment.^ trorn these values the molecular weight can be calculated. 

Exercises 

i. Calculate the molei'iilar weight of a substance from the following data 
obtained in the laboratory: 269 ml. of thi* vapor measured at 99°C. and 740 mm. 
pressure weighs 1.35 g. 

SufJGESTiOiv: Calculate (a) the voIiiiih' of the vapor in liti'rs al S.C., (/») the 
weiglit in grams of 1 1., (c) the weight in grams of 22.11. 

8 . Given the following data: 1,280 ml. of a gas at ;Sy“C. and 0.."> aim. pressure 
weighs 1.1 g. Calculate (a) the volume in liters at S.C. (6) the weight in grams of 
1 1. at S.C.. (c) the molecular weight of the gas. 

’ All experiment on moh-cular weight determination should he perfornu’d by 
the student in the lalan'alory. 
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APPLICATIONS OF THE (iUAM MOLKCFLAK WEIGHT AND GRAM 

MOLECl'LAR VOLL'iME PRINCIPLE 

9. Relative Densily an<l Specilic Gravity of Gases. It is 
sometimes desirable lo know wliellier one ^as is lieavier or 
than another gas. To determine whieli of two gases is the heavier and 
in what ratio, one needs to compare only the molecular weights of the 
gases. The relative density of gases is defined as the relative weights 
of equal volumes of the gases at S.C. 

Example. Calcululo tin* rolullve density of vhlorim* aixi <»\yj'en. (Refer to 
Table I for other illustrations.) 



CMlculaliori: 

22.1 1. CR at S.C. weighs 70.9 fj. 

22.1 1. O; at S.C. weifibs :i2 g. 

70 9 

= 2.2, relative density 

Therefore, chlorine is 2.2 times as heavy as oxygen. 

The relative density of a gas compared lo air is the specific gravily 
of a gas. Although air is a inixlure of gases, we may use the ^\eight of 
22. t I, air or 29 g., for comparison. (Why is this value, 29 g., not a 
true molecular weight?) 

Example. Calculate tlie sjua-ilic gravity of carbon dioxide, CO 2 . 


CMlcuUition: 


-H 

29 


22.1 1. C.th at S.(\ weighs 11 g. 

22.1 I. air at S.C. wt-igbs 29 g. 

= l..v:t. the specific gra\ily of C ()2 


Exer<*isc 


9. Calculate («) tlie ndative densities of (C and IC; of SO^ and 02, (h) the 
spwnfic gravity of O-j, C-L-, Hj. 

10. Weight to Vohiiiie Caleiilations. Another useful applien- 
tion of the gram nioleeular \\ eight and gram molecular volume pi ineiple 
is the calculation of the volume of a gas formed from a gi^e[l weiglit 
of a reacting substance. 

Example. Cal. nlate tl.e \oluiiie of oxygen at ‘M) C. and 710 iiiiii. pressure 
that is set fri'e by the ilecoinpositioii of 20 g. potas«.iuin idilorate. 

('.alruhilitm: 

il) Write the balanceil «'(pialion for the reaction and assign the gram mob-.- 
ular weiglils and voluim*. 
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2 KCIO 3 -»2KCI + 302 

2(122 g.) forms 3(22.4 1.) at S.C. 

241 g. forms 67.2 I. at S.C. 


(2) 244 g. KCIO 3 forms 
1 g. KCIO 3 forms 

20 g. KCIO 3 forms 


67.2 1. O 2 at S.C. 
^ I. at S.C. 

20 X 1. at S.C. 


(3) Apply the temperature and pressure corrections. 


20 X 


67.2 

244 



273 + 30 
273 



= 6.2, 1. O 2 


Exercises 

10 . Calculate the volume in liters of carbon dioxide at S.C. formed by the 
complete combustion of 120 g. carbon. (Give numerical statement and answer.) 

11. Calculate the volume of hydrogen at 20‘’C. and 750 mm. pressure, set 
free by the electrolysis of 18 g. water. (Give numerical statement only.) 

12. Calculate the volume in liters of hydrogen at 27®C. and 710 mm. pressure, 
set friNj by the reaction of .5.1 g. aluminum with an e.xcess of sulfuric acid. (Give 
numerical statement only.) 


11, Empirical and True Alolecular Formula. If the percent¬ 
age composition of a substance is known, it is possible to derive the 
empirical formula, or tlie simplest formula corresponding to this 
composition. Tlie true molecular formula is the formula correspond¬ 
ing to the weight ol 22.1 I. of the vapor of tlie substance at standard 
conditions. The molecular formula may be some multiple of the 
empirical formula. 


Exarnph’. A hydrocarbon gas is known by analysis to contain 92.2 per cent 
carbon atuj 1.8 percent hydrogen by weiglil. 120 nd. of this gas at S.C. weighed 
O.I.iOl g. Calculate (a) the empirical formula, ih) the molecular weight, (c) the 
true molecular formula. Tlie steps in the calculation are as follows: 

(«) Empirical formula: 


* 


_ _% carbon 92.2% 

Atomic weight of earlxm 12 

% hydrogen 7.8% 

Atomic weight of hydn.geu 1.008 


7.68 atomic weights of carbon 
7.71 atcunic weigfils of Ijydrogen 


7.68 

7.71 


0.99 or approximately 1 atomic weight of carbou 


— 1.00 or 1 atomic w<*ight t)f hydrogen 


Hence the empirical formula is (’.,11, or CH. 
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{b) Molecular weight : 


120 nil. of the gas weighs 0.1391 g. 

1 ml. of the gas weighs ^ S- 

0 1301 

1,000 nil. or 1 1. weiglis 1,000 X g. 

22.4 I. weighs 22.4 X 1,000 X = 26 g 


Therefore the inoltH'ulnr weight is 26. 

(c) True molecular formula: 

The weight of the empirical formula, CH, is 12 + 1 = 13. 


True molecular weight 


26 


. or = 2 


Hence, 


Empirical molecular weiglit 13 

2 (CH) = c,ir, 


The true molecular formula, then, is C 2 H 2 (not CII, or C.iH 3 , or Cillj, et(^) 


Exercise 

13. A gas has the following composition: carhon 8.^.7 jM‘r cent: hydrogen 
11.3 per cent. One liter of the gas at S.C. weighs 1.875 g. Calculate («) llu' 
empirical formula, (b) the molecular weight, (c) the true molwular formula. 


CHAPTER XIV 

SULFUR AND HYDROGEN SULFIDE 


SULFUR 

Among the solid nonmetallic elements, sulfur holds a very promi¬ 
nent position, as to both the abundance of its natural deposits and the 
many uses of sulfur and its compounds in agriculture and industry. 

1. Industrial Importance and Uses. Sulfur is produced in 
great quantities (several million tons yearly) because of its many uses. 
By far the largest use of sulfur is for conversion into sulfur dioxide, 
which in turn is converted largely into calcium bisulfite and sulfuric 
acid. The uses of these three substances are indicated in a following 
section. 

Large amounts of sulfur are used directly in vulcanization of rubber, 
as a fungicide especially in vineyards, and in making lime sulfur spray, 
as well as in fertilizer mixtures, in gunpowder, dyestuffs, fireworks, and 
cements, and more recently in special lubricants. Lime sulfur sprays 
contain polysulfides of calcium, CaSj, e.f/., CaSs. The sulfur mixed 
with phosphate rock fertilizers probably is slowly converted to sul¬ 
furic acid, which converts the phosphate to a form more readily availa¬ 
ble to the plant. 


Exercise 

1 . U hat property of sulfur makes it useful in fireworks and gunpowder? 

In cements, sulfur is useful because of its low melting point and 
because of the inertness and excellent insulating quality of the solid. 
In lubricants, sulfur is used by being dissolved or suspended in an oil. 
Such lubricants are useful in machining operations where the tools and 
work become very hot because the sulfur retains its viscosity and 
lubricating effect. 

Smaller quantities of sulfur are converted into sulfur monochloride, 
SoCb, for use in vulcanizing rubber; into phosphorus trisulfide, P 4 S 3 , 
and antimony trisulfide, Sb 2 S;i, for use in matches because these com¬ 
pounds ignite easily and are readily combustible: and into carbon 
disulfide whicli is used in large (pianlilies in the manufacture of rayon 
and also as an insecticide and rodent eradicator. As carbon disulfide 
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is very iiiflaininabU' and lorms explosive tnixliires with air, it imisl 
always be used with complete precautions to avoid sparks or open 
flame. 

Tlie smelling of ci»pper, lead, nickel, and similar ores produces 
large (pianlities of sulfur dioxide as a by-product. Heeenlly con¬ 
structed plants are equipped to recover this gas b> conversion to sul¬ 
furic acid. Older plants not so eejuipped allowed sulfur dioxide fumes 
to destroy surrounding vegetation. Sulfur is also recovered as a by- 





>< 
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The sulfur content of coal, gasoline, and fuel oil is important 
because, during combustion of the fuel, the sulfur is at least partly 
converted to sulfurous acid or sulfuric acid, which in time causes 
serious corrosion of any metal parts expos(*d to the combustion gases. 
Steel must be almost entirely free of sulfur; conse(juently. iron ores low 
in sulfur content are always preferred by iron- and steelmakers. 

2. Occurrence of Sulfur in Nature. Free sulfur occurs in 
large quantities in certain strata as much as l.OOH ft. b(“lo\\ (he surface 
in Louisiana and Texas near the (iulf of Mexico. These deposits are 
the chief source of commercial sulfur at present. Sulfur is also found 
in the free stale in volcanic and hot spring regions. In Italy such 
sulfur deposits are worked commercially. 

Sulfur also occurs naturally in large amounts in the form of metallic 
sulfides. Important among these are mercury sullide (cinnabar, lIgS), 
zinc sulfide (splialerile, ZnS), lead sulfide (galena, PbS), coppi'r sulfide 
(chalcocite, CU 2 S), and chalcopyrite, (’uFeS-.. 'fhese ores are used as 
important sources of the respective metals llg, Zn. Pli, ( u. (lalena 
has been used as a detector crystal in radio sets. Sphalerite is some¬ 
times used as a source of sulfur dioxide as well as zinc. Iron [lyrites 
or fool’s gold, FeS;, occurs naturally in the lorm of <T\stals and is often 
used as a source of sulfur dioxide, but not as a source of iron because 
of the fact that it is not economically feasible to extract the iron. 

Gypsum, llie dihydrate of calcium sulfate, is a compound i)lentiful 
in many parts of the world. It is found associated with the sullui 
deposits of Louisiana and Texas. One theory assumes that micro¬ 
organisms converted some of (lie gyiisurn to sulfur during past ages. 
Anhydrite or anhydrous calcium suUate is also a common mineial. 
Many other sulfides and sulfates are found in natural deposits. 

3. Frasch Process for Kxlracling Sulfur from the Karlli. 
Sulfur melts readily in suix'rheated water and steam (at 111 (-.). 
When compressed air is blown info a mixture of melted sulfur and hot 
water, the mixture becomes like a li'oth and can readiK ln‘ foi(e<l 
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tlirougli pipes. Tlicse properties were utilized by Herman Frasch, 
an American engineer, wiio (about 1900) developed the well-known 
process, named for liirn. In this process, the sulfur is forced upward 
from tlie deposits several hundred feet below the surface by means of 
three concentric pipes sunk in a well (Fig. 1). Superheated water 
passes downward through the outer pipe and compressed air is forced 
downward through a small central pipe. Molten sulfur mixed with 
air and water passes upward through the second one of the three pipes. 
This mixture is conducted to iiuge bins where it soon forms solid sulfur. 
The walls of the bins arc then removed, and the sulfur is broken down 
by means of dynamite. It is then ready for shipment. Since 1905, 
practically all of the sulfur used in the United States has come from 
the deposits in Louisiana and Texas. In 1940, the United States 
produced nearly 3,000,000 tons of sulfur. According to present 
estimates, there are sufficient reserves to meet the demands for the 
next 40 years. 

4. Allotropic Forms of Sulfur and Their Physical Properties. 
The most common form of sulfur (the rhombic form) is a hard, yellow, 
brittle solid, insoluble in water, soluble in carbon disulfide, melting a 
little above the boiling point of water, and being a nonconductor of 
heat and electricity. 

Sulfur occurs in two solid crystalline forms, one amorphous solid or 
plastic form, two ihpiid forms, and several vapor forms. All forms 
have identical ciiemical properties but different physical properties. 
At room temperature, rhombic sulfur is the stable form, all other forms 
changing into this form in time. Ordinary powdered sulfur, flowers of 
sulfur, and solid lumps of sulfur (roll sulfur) are composed of innumera¬ 
ble small rhombic crvstals. 


If rhombic sulfur is heated above 96°C., it is converted to mono¬ 
clinic sulfur; if the latter is cooled below 96°C., it slowly reverts to the 
rhombic form. This temperature is known as the transition point. 

The melting point of sulfur is 114°C. The liquid sulfur consists of 
a mixture of two liquid forms: lambda sulfur, SX, and mu sulfur, S/i. 
This property results in at least two peculiarities of liquid sulfur: (1) 
Tlie actual melting point depends upon the relative amounts of the 
two forms, so that the melting point or freezing point of sulfur varies 
witli the previous treatment of the sample. (2) Although liquid 
sulfur just above its melting point (around 114°C.) is quite fluid, it 
becomes increasingly viscous as its temperature is increased, until at 
about 250°C.. a test tube of liquid sulfur can be inverted without the 
loss of suKur. This behavior arises because SX is quite fluid but 
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changes into S/x on being heated. The latter is a very viscous material 
at all temperatures below 300°C. 

5. Chemical Properties of Sulfur, Sulfur, like oxygen, 
although relatively inactive when cold, unites with a great many 
other elements when hot. Most of these reactions liberate considera¬ 
ble heat and so continue of their own accord once the reaction has been 
well started, forming sulfides. 



Fig. 2. Sulfur ready for loading. {Texas Guff Sulphur Co., Inc.) 


Exercise 

2. Write equations for the reaction of sulfur with oxygen, iron, silver, copper, 
and carbon. 

Even at room temperature, sulfur tarnishes most metals because a 
surface layer of metallic sulfide is formed. Sulfur is very slowly 
converted to sulfuric acid by the oxygen and moisture of ordinary air. 
This property is applied in the use of sulfur in phosphate fertilizer 
mixtures. 


HYDROGEN SULFIDE AM) OTHER SOLFIDES 

6. Occurrence an<l Physical Properties. Hydrogen sulfide, 
H.S, is a colorless gas with a very disagreeable odor, ll is found in 
certain springs (sulfur water). In the decomposition of protein 
niaterials, e.ff., eggs, the combined sulfur in the protein is converted 
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into hydrogen suHido, thus accounting lor llic disagiecablc odor of 
decayed eggs, meat, and other protein foods. Hydrogen sulfide is 
poisonous if breathed in large concentrations for any length of tinu'. 

7. Preparation. Hydrogen sulfide may be prepan'd by flu* direct 
combination of hydrogen with liot sulfur or b> the reaction of' nii'taflic 
sulfides with hydrochloric or sulfuric acid according to the following 
reactions: 

H. + S -> H,S 

FeS -t 2HCI • FeCU -\- H,S 

Kxcrcise 

3. Calculate the volume of lIjS measured at 20"C. and 715 mm. pressure. 
prt)duced by the reaction of 25 g. ferrous sulfide. KeS, with an excess of HCl. 

8. Chemical Properties of Hydrogen Sulfide. Hydrogen 
sulfide is a weak acid, fonns two series of salts (normal and acid or 
hydrosulfides), and is a good precipitating agent for many metallic 
ions. It is unstable toward beat, is a good reducing agent, and is 
readily combustible. Hydrogen sulfide tarnishes most metals, owing 
to the formation of a surface film of metallic sulfide. This reaction is 
most familiar in the case of silver. The ionization of hydrogen sulfide 
in solution takes place in two stages: 


H,S « 
HS-^ 


+ HS- 
+ S" 


(h><lr(»s«dfUle ion) 
(sulfide i<»n) 


Exercises 

4. Write molecuinr and ionic e(}iiations for the hirinalion of {«) sodium Indro- 
sulfidc, (6) normal sodium sulfide, (r) caU iutii liydrosultiife. (d) nnrtnal /inr siilfid.*, 
(e) normal ammonium sulfide. 

5. Write molecular and i<mic equations for the prei’ipitalion of the following 

sulfides: (a) HgS. (h) PbS. (c) Ag-.S, (<{) As.Sa. (e) SnS,. 

6. Write an equation for the elTect of heat on US. This reaction is called 

cracking of H-^S. 

Hydrogen sulfide reduces many other substances. In lids pioccss 
the sulfide ion of the H^S is oxidized, forming a finely di\ ided white or 
pale yellow' precipitate, wliich settles very slowly and is sometimes 

called milk of sulfur. 

When H-.S is allowed to reaet willi ferric cliloride solution, llie 
following reaction takes place: 


1 I ^ 

2FeCl.i + H.S" + 2FeCU + 2HCI 




118 


GENERAL AND APPLIED CHEMISTRY 


[Chap. XIV 


Exercises 

7. Label ihc above equation to show oxidation and reduction, also gain and 
loss of electrons. 

8. Write similar equations for the reaction of H 2 S with (a) ferric sulfate, (6) 
iodine, (r) sulfur dioxide. Label in each case to show oxidation, reduction, gain 
and loss of electrons. 

9. \\ rite a similar equation for the reaction of oxygen with H 2 S. This reaction 
may be brouglit about by simply bubbling oxygen (or air) through a solution of 
hydrogen sulOde. It occurs slowly if such a solution is merely allowed to stand 
exposed to air. 

When Itydiogen sulfide burns >\ith an excess of air or oxygen, the 
products are water and sulfur dioxide (complete combustion). If 
oxygen is deficient, sulfur and water are formed (incomplete combus¬ 
tion), or partial cracking may occur. 

Exercises 

10. Write equations for the complete and incomplete combustion of hydrogen 
sulfide. 

11. What volume of oxygen at S.C. would be required to burn 1,200 cc. H 2 S 
to S 02 .^ 

12. What volume of SO 2 at S.C. will be formed when .500 cc. H 2 S is burned 
with oxygen to form S 02 and ILO.^ 

13. What volume of H^S at S.C. could be burned to SO 2 with 100 I. O 2 ? 

14. What volume of IL’S at S.C. would have to be burned to form 10 1. SO 2 ? 

15. \\ hat volumes of H 2 S and of O 2 at S.C. will react to form 1,000 cu ft. SOj? 

9. Test for Hydrogen Sulfide Gas. Filter paper is wet with 
load acetate, Pb((’ 2 H 302 ) 2 , solution, and this lead acetate paper 
irnmodialolY turns black when placed in an atmosphere containing 
even a minute percentage of hydrogen sulfide. Why? 

Exercise 

16. Write the equation for the above reaction. 

10. Tests for Sulfide Salts. Many but not all sulfide salts 
react w ith dilute HCl or H 2 SO 4 with evolution of H 2 S, which can be 
detected as above indicated, if not by its odor. 

Exercise 

IT. Write equations for the reaction of (a) HCl, (6) H 2 S 04 , with each of the 
following: FeS, MnS, ZnS, Ca{HS) 2 , Na 2 S. 

11. Use of Hydrogen Sulfide in Analysis. Hydrogen sulfide 
may be used to identify a number of metallic ions in solutions of their 
salts because tlie sulfides have characteristic colors and also character- 
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itsic solubilities in acids. The latter properties also make it possible 
to separate metallic sulfides from one another by usin^^ an acid that 
dissolves one sulfide but does not dissolve some other sulfide. 

12. Polysulfides and Persulfides. Many sulfides are known in 
which more than the lUHinal proportion of’sulfur is present. Sodium 
sulfide solution will dissolve a considerable excess of suU’ur. The 
resulting solution contains polysulfides or persulfides of sodium, such 
as Na 2 S or NasSi. and is generally assigned the formula Na^Sj. Ammo¬ 


nium polysulfide (Nll 4 )>Sx, essentiidly (^ 114 ) 282 , 
CaS 4 , CaSfc are other well-known examples. 


calcium persulfides. 


CHAPTER XV 

OXIDES AND ACIDS OF SULFUR 


In our study of oxygen we learned that sulfur burns readily, 
forming sulfur dioxide. In this chapter we shall consider methods by 
which sulfur dioxide is converted to sulfuric acid, a compound of great 
importance in the chemical industry. Other related compounds of 
sulfur will also be described. 

1. General. There are two common oxides of sulfur: the dioxide, 
SO2, and the trioxide, SO3; and three common acids: sulfurous, H2SO3, 
sulfuric, H2SO.1, and pyrosulfuric or fuming sulfuric, H2S2O7. The 
salts of the first two acids are quite common. Each acid forms two 
series of salts: the normal and the acid salts. 

All normal sulfites liave tlie radical SO3 with valence of —2; normal 
sulfates have tlie radical S 04 with valence —2. All acid sulfites 
{bisulfites) have tlie radical HSO3, valence ~l; bisulfafes have the radi¬ 
cal IISO4, valence — 1 . 


Kxeroise 

1. Tahulale tlio formulas for the normal and arid sulfaJrs and sulfites of 

sodiiiin, (6) ralrliiin, (r) /inr. 

2. Sulfur Dioxide, Preparation an<l Properties. Sulfur diox¬ 
ide is formed wljcn any sulfite is acted upon by an acid. It is also 
formed when the less active rnelals are allowed to react with hot 
concentrated sulfuric acid. 

It is a colorless gas with a very suffocating odor, which induces 
cougliing wlien inhaled for a short time. The gas can be liquefied 
at a slight pressure, at room temperature, and the litpiid boils at 
— 10®C. at 1 atrn. of pressure. Approximately 10 volumes of sulfur 
dioxide dissolve in 1 volume of water, at ordinary conditions, forming 
sulfurous acid, II2SO3. 


Exercises 

2. Write equations for the reactions of three dill’erent sulfites with two dilTerent 
acids. 

3. Write e{|uations for tin* r<‘action of hot <'oncentrated sulfuric acid with (a) 
copper, (6) mercury (HgSOj is formed), (r) silver. 
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■1. What voIun»e of oxygen is needed to form 450 cc. of SOj by “roasting” 
ZnS? (ZiiO is formed.) (All gases at S.C.) 

5. What volume of SOj could be formed by roasting FeSj with 10,000 cu. ft. of 
oxygen? (FesOa is formed.) (All gases at S.C.) 

6. What volume of SO-, could be formed by roasting FeS 2 with 10,000 cu. ft. of 
air? (All gases at S.C.) (Air contains about 20 per cent Oj by volume.) 

3. Uses of Sulfur Dioxide. The largest uses are in the manu¬ 
facturing of sulfuric acid and the preparation of calcium bisulfite, 
Ca(HS 03 ) 2 , solution which is employed in large quantities in the paper 
industry because, when wood chips are heated with it, they are dis¬ 
integrated into pulp. Colored and resinous substances in the wood are 
largely removed or destroyed. 

Sulfur dioxide itself has been used in household refrigerators 
because it is liquefied by a relatively low pressure. Sulfur dioxide 
is also an important bleacliing agent for silk, hair, wool, feathers, 
straw, and fruit. It bleaches tliese materials without harming the 
materials themselves. Its use on dried fruits is not only to prevent 
dark-colored substances from forming but also to act as a fungicide. 
Some liquid sulfur dioxide is used to extract undesirable components 
from lubricating oil and thus improve its quality. 

4. Chemical Properties of Sulfur Dioxide and Sulfurous 
Acid. Sulfur dioxide unites readily with water to form sulfurous 
acid. 

H^O + SOz HiSOa 4^ H ’ + HSOr 4^ H*- -t- SO 3 — 

Sulfurous acid is a weak acid and is also unstable toward heat. Even 
at room temperature sulfurous acid is considerably decomposed into 
SO 2 and II 2 O; at higher temperatures it is completely decomposed. 
Sulfurous acid is a reducing agent as illustrated by its reaction with 
oxygen and with iodine in water. 

2H2SO3 + Oj —► 2H2S0( (very slow aclioii) 

H.SOj -I- h + H 2 O — 2HI + H.SO, 

F.xcrcist* 

7 . Indicule tho valrrict* cliatigt's and tin* oxi<lation and roduedon in oach of tin* 
above (npialions. 

.5. INI anil fact ure of Sulfuric Aidil. fliis is doiu* b\ two met hods, 
the chuinher pmv’.s.s* and the c.j. hul pn/cr.sx. Both of these jjrocesses 
are catalytic in nature. In tin; case of (he chamber pr<K-ess the exact 
reactions are quite complicated. Table I gives the outstanding char¬ 
acteristics of the two processes. 
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Chamber Process 
Starting materials: 

SO 2 , O 2 (air) 

H 2 O (steam) 

Catalyst: 

Oxides of nitrogen 

Reactions (simplified): 

(1) SO. + NO.-^SOa + NO 

(2) SO3 + UJ.) -> H..S04 

steam 

(3) 2N() + O. -*2N02 

air 


Product: 

Approx. 60% H.SO^ 
Cfiief expense: 

Lead chambers 
Repairs 

Replacing oxides of N 


T.\ble I 

Contact Process 

SO 2 , O 2 (air) 

H 2 O (water) 

Some cone. H 2 S 04 

Finely divided platinum, or vanadium 
pentoxide, V 2 O 6 . 

[Pt] 

(1) 2 SO 2 + O 2 -^2803 

(2) SO3 + 11.804 H2S2O7 

(3) H 2 S 2 O 7 + H.O -> 2 H 2 SO 4 

pyrosulfuric 

acid 

Approx. 100% H 2 S 04 
Catalyst 

Purification of SOg 


In the chamber process the starting materials and oxides of nitrogen 
are passed into large lead chambers (often about 50 ft. square and 
equally high). The oxides of nitrogen are recovered and reintroduced 
into the chambers, and the dilute sulfuric acid is concentrated by the 
same series of ingenious processes. There is considerable evidence 
tliat the actual reactions are more complicated than is indicated above, 
but the final result is the same as if reactions (1), (2), and (3) took 
place in the chambers. 

In tile contact process it is absolutely essential to purify the sulfur 
dioxide because even slight traces of impurities (such as arsenic 
compounds) destroy the activity of the catalyst. Oxides of vanadium 
are quite freiiuently used as catalysts instead of platinum. The 
mixture of sulfur dioxide and air is passed through a tube contain¬ 
ing tlie catalyst, and the resulting gas is passed into concentrated sul¬ 
furic acid. Pyrosulfuric (fuming sulfuric) acid or oleum is formed and, 
later, sufhcieiit water is added to convert this to 100 per cent sulfuric 
acid. It is not practical to pass the SO3 directly into water because it 
is not readily absorbed in water. 


F.xercises 

8. 10 1. SOj arc pa^ised over a plalimiiii catalyst with 10 I. oxygen. What are 
the volumes of the (liirercnt gases coming out of the catalyst tube.^ (Assume 100 
per cent conversion.) 
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9. 12 1. SO 3 would require what volumes of sulfur dioxide un<l oxygen for its 
formation? 

10. 12 I. SO 2 and 10 1. air (20 per eeiil 80 per cent N-.) are passi'd over a 
platinum catalyst as in the contact process. W hat are the volumes of tlie dillereriL 
gases coming out of the catalyst tube? 

6 . Uses of Sulfuric Acid. Sulfuric acid is produced to the 
amount of 10 or more million tons yearly. Especially large uses are 
the produclion of superpliosphate and ammonium sulfate ferlilizers, 
the deslruction ot gums and resins in gasoline and other petroleum 
products, the cleaning of steel and oilier metals before galvanizing or 
tinning, as well as in storage batteries and electroplating, also in 
explosives and nitrocellulose manufacture. Of course various sulfate 
salts, such as CUSO 4 , FeSO^, and Ah(S 04 ) 3 , are made by using 11,804 
as a starting material. A great many other eliemieals also require it 
for tlieir preparation. The sales of sulfurie acid at any time in an> 
region are an excellent index as to general business activily, because 
the uses of sulfuric acid are so numerous and so widely distributed 
through various industries. 

7. Physical and Chemical Properties of Sulfuric Acid. Ihiie 
sulfuric acid is an oily liquid about 1.8 times as lieavy as water. Its 
cliemical properties may be summarized by stating that it is an ai live 
acid, an excellent dehydrating agent, and also an oxidizing agent 
especially when hot and eoneentrated. 


K 


xercises 


11 . Write the equation for tlie ionization, in steps, of Il.SO^. 

12. Write inohs’ular and ionic etpiations for tlie formation of the following 
salts hy neutralization: (u) normal sodium sulfate, (/>) amnioniiini hisulfale, 
(c) zinc sulfate, (</) ferric sulfate. 

13. Write an etpiation for the df'hydraling action of sulfuii<- acid, on sugar, 
C 12 II 22 O 11 . (Carbon Is formed.) 

I t. W rite an equation to illustrali* the oxidizing action of sulfiiru- acid («) with 
copper, (6) with carlion. 

8. Sodium Thiosulfale. If a solution of sodium sullilc' is 
boiled with sulfur, sodium lliiosulfate, iVa 2 S ,(')3 (hypo), is fonni'd. 
Tliis is a while solid, very soluble in water. Its solulioii has the 
property of dissolving silver bromide and is therefore used to ’'llx'’ 
photographs. 

Wiien Na-iS,!^ solution is acidified, a slowly sidtliiig pi'eeipilale ol 
finely divided sulfur is formed, and SO, gas is evolved. 

Na.S.Oa + H.SO, — H,0 + SO^l + Sj + Na.SO* 
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9. Tesis for Sulfate, Sulfite, and Thiosulfate Salts. These 
are summarized in Table II, Avliich assumes familiarity with three 
common testing procedures. 


TxJtLli II 


Reagent 

Sulfate 

Sulfite 

Thiosulfate 

BaCh HCl 

1 

While ppt. of BaS 04 

White ppt. of BaSOa 

May or may not form 

test 

unchanged by HCl 

1 

dissolved by HCl 
with SO 2 T 

1 

while ppt. with 
BaCh. Addition of 
HCl will cause for¬ 
mation of finely di¬ 
vided, often white 
sulfur and S 02 t 

AgNOj 

Usually no ppt. 

.Mmost always forms 

Always forms a white 

UNO: 

While ppl. some¬ 

a white jipt.. Ag^- 

or yellow ppt. of 

1 

times forms but is 

SO3, which is diffi¬ 

AgoS-iOs that rapidly 

1 

easily soluble in 

cult to dissolve in 

turns brown and then 


UNO, 

HNO 3 

black. Very charac¬ 
teristic 

Dilute H 2 S 04 

No action except 

SO 2 gas evolved. 

SO 2 gas evolved; fine¬ 

on solid salt 

that salt may di.s- 

Salt dissohes to 

ly divided white or 


solve 

clear solution 

yellow sulfur forms 
slowly in solution 


Exercise 

15. Identify the salts containing sulfur which gave the following lestvs: Salt 
No. 1. hen treated with HCl formed sulfur dioxide and a precipitate of sulfur. 
Salt No. 2. \\ lien BaClj was added to a water solution of the salt, a white pre<*ipi- 

tate was formed which dissolved in HCl, forming SO 2 . 


SUGGESTED KEADING 

Cc\mx(;ham, Sulfur../. CUem. Ediicnfion. 12, IT. 83. 120 (19.3.5). 
STONE, Sulfur Dioxide, hid. Entj. Client., 3-1, 1017 (1912). 





CHAPTER XVI 

CLASSIFICATION OF THE ELEMENTS 


In tlie study of the halogen family of elements (Chap. XII), it 
was shown that tliese elements (fluorine, chlorine, bromine, and iodine) 
exhibit a definite gradation in their properties. For example, with 
increase in atomic weight, there is a corresponding change in state as 
indicated in Table I. 


Table I 

Halogen FA>nLY of Elements 



Atomic weight 

Physical state 

Fluorine. 

19.0 

Light-yidlow gas 
(irocnish-y<dl()w gas 
lleddisti-hrown liipiid 
Dark-gray solid 

1 

Chlorine. 

35. 15 

Bromine. 

79.9 

Iodine. 

126.9 



The valence numbers and chemical properties an* so closely related 
that the term funtily is used in referring to the group. We shall, 
pres(*J lly, take up the study of other families of elements, and their 
similaiities will be described. 

1. Classification of Elements. Chemists have been studying 
the problem of classifying the elements for more than 100 years. 
From the investigations of Dobereiner, New lands, Mendelyeev,* and 
others, we now^ have a chart or table which classilies all the elements in 
the order of their increasing atomic weight. The chart show n in 1 able 
II is known as the Mendelyeev periodic system because Mendelyeev 
(1872) included all tlie elements known at that time and pointed out 
the great value of the system in prediclingothereleiiK'nts and reaclioi’s 
hitherto unknown. There were numerous gaps in this early table, 
which have been filled in as these elements !ia\e been discovt'ied. 

Other chemists, ejj., Soddy ol I'.nglaitd and Harkins ol the t iiited 
States, have constructed systems based upon space inodids, winch 
have certain ad\antages. Moseles uC laigland. in 101 !. worked out a 

^TIk' oritriniil Hiissiaii iiaui.*. M.-iMlrN-J.-ll'. is iin.iumined as itiilic.lnt l>\ tli.‘ 
word, Mciulelveev; lienee file talliT >;>eltin;: adupl .‘it in ll:is l.ook. 
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system ot‘ the elements based upon their atomic numbers, which 
appears to be the most exact classification known. 

2. The Periodic Table. Although the Mendelyeev system has 
certain irregularities, it is very helpful in the study of chemical prop¬ 
erties and we shall now examine it in some detail. 

Families or Groups. It will be observed that the halogen family is 
in the vertical column indicated as Group YIL Note that the atomic 
weiglits are placed under the respective elements. (The atomic 
numbers are shown above the elements.) The type formula, E 2 O 7 , 
represents the composition of the higher oxides and the formula, EH, 
represents the hydrogen compounds, HCl, HBr, etc. In this group, 
the rnaximinn positive valence is seven and the negative valence is one. 
In general, the group number represents the positive valence of the 
elements of that family, although there are certain exceptions to this 
rule. For exatiiple, iron, cobalt, and nickel, in Group VUI, have 
valence numbers of two and three in their respective compounds. 

In Group 0, at the left of the table, we find the inert gases, helium, 
neon, argon, krypton, xenon, and radon wliich have the valence 
number zero, because they form no compounds. Group I contains 
the alkali metals, lithium, sodium, potassium, rubidium, and cesium. 
The valence number is one in all their compounds. 

Suhfjroups. The metals, copper, silver, and gold, also found in 
Group I, are related to each other but are not so closely related to the 
alkali metals. These metals comprise what is known as subgroup IB. 
There are two subgroups in Group II: the IIA group comprising the 
alkaline earth metals, calcium, strontium, barium (and radium) and 
the 11B group comprising zinc, cadmium, and mercury. Tlie same 
situation is met with in the other groups. In some cases, the elements 
have variable valence numbers. For example, copper and mercury 
have valence numbers of both one and two in their various compounds. 

In regard to families or groups of elements, it is to be noted that, 
as we pass downward in a group from one element to the next, the 
metallic character of the elements becomes more pronounced with 
increasing atomic weight, or the properties become increasingly less 
nontnetallic in type, as in the case of the halogen family. 

Series. We shall now consider sotne of the relationships of the 
horizontal rows or series of the elements. If, for example, we start in 
Seri(‘s 2 with helium and pass in succession the seven elements, lithium, 
beryllium, boron, carbon, nitrogen, oxygen, fluorine arranged in the 
order of increasing atomic weight, we find the eighth element, neon, m 
Scries 3, Group 0, under helium which it resembles closely. In 
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like inamiiT, cat'll cIciih'mI in Scries resembles the element just above 
it in tlic same ^u'oup. 

Tliis slrikin^^ reeurrtmee in properties with every eighth element 
was iirst observed by Newlaiids and is known as the law of octaves 
(meaning “eight”) which reminds one of the octaves on a musical 
instrument. Beginning with the Series 4, this recurring relationship 
shifts from 8 to 18 and thus we have the long series arrangement. 
For example, in Series 4, we pass from argon to nickel, then (in Series 4) 
from copper to bromine and, finally, back to the inert gas krypton 
(tlirough 18 elements). 

3. The Perio<!ic Law. This striking recurrence of similar 
properties every eighth or eighteenth element is expressed in the perio¬ 
dic law which states that the properties of the elements are periodic 
functions of their atomic wei(}his {or atomic numbers). This law may 
perhaps be better understood if we reler to the musical scale. Start¬ 
ing at middle (’. on a piano, we have the keys designated, D, E, F, G, 
A. B, C, the latter (’ being one octave above middle C. Just as the 
pilch of a key is related to its position in the scale, the properties of an 
element are related to its position in a series of elements arranged in 
order of their atomic weights. 

4. General Statement. We conclude from the study of the 
periodic table that (1) elements with similar properties are arranged 
in vertical groups known as families. With increasing atomic weight 
in a given family, the rnetallic character of the elements becomes more 
pronounced. There are also subgroups within the groups. (2) If the 
t'lcmcnts are arranged licri/onfally in order cl their increasing atomic 
weiglits, every eighth or eighteenth element (depending upon the 
series) has similar properties. There are a few' exceptions to this 
principle; for example, there are slight irregularities in the two pairs of 
cl(*ments argon and potassium: tellurium and iodine. These irregu¬ 
larities are corrected in the Moseley atomic number system (see Tables 
11 and 111). 

5. I se of the Periodic Table. The periodic table has been o 
great value in guiding research both in theoretical and in applied 
chemistry. For example, Midgley found it very useful in his research 
on Freon, f’FoClo, the widely us(‘d refrigerant. Another interesting 
illustration may be mentioned. Tlie first electric-light bulbs made by 
I'xlison contained carbon filaments. More efficient filaments w'ere 
made from the metal osmium, which is very rare and expensne. 
A study of the periodic table indicated that the neighboring elements, 
tantalum and tungsten, niiglil be used in the place of osmium. Tung- 
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sten was less expensive than osmium, but special metliods had lo be 
developed for making lungslon lilamenls. The tungsten filament was 
found to be much more efTicieiU than osmium. 

6. Number of Elements Known. According to the original 
Moseley atomic number system, there were places for 02 dements wilh 
hydrogen, atomic No. 1, as the first and lightest element and willi 
uranium, atomic No. 92, as the last and heaviest element in ll)e list. 
At present, 95 elements have been recognized and assigned to positions 
as indicated in Table 111 in the modern periodic system.* There 
are, however, several elements the discovery of wiiich has been 
announced within recent years and whicli have been given new names. 
Two of these elements are listed in Group A II: No. 43, leehnelium, 
Tc, meaning “artificial” (old name masurium); No. 85, astatine, At, 
meaning “unstable” (old name alabamine)* fhe third element, No. 
87, francium, Fr, from France (old name virginium), is listed in Group 
I. As a result of the extensive research on the development of the 
atomic bomb, two elements: No. 93, neptunium, Np, and No. 91, 
plutonium, Pu, have been identified. These latter elements are made 
from the element uranium. Two other elements: No. 95, Americium, 
Am, and No. 96, Curium, Cm, which are formed by nuclear transforma¬ 
tion, have also been added to the list. 

It is interesting to note that, many years ago, chemists had pre¬ 
dicted the discovery of the elements ekaiodine, now called astatine, an<l 
ekacesium, now called francium. The prefix eka- means “be>ond. 


Exercises 

1. From your knowledfje of the l»alof:«*ii family of elements, predict some of the 
properties of ekaiodine or astatine. No. tt'i. From your knowh^d-ie of the metals, 
sodium and potassium, predict some of llie pr<»perties of ekacesium or francium. 
No. 87. 

2. The element.s, selenium, Se, and tellurium. Te, resemble sulfur ((Jroup VI). 
In the following table, write («) the formulas of the eompoimds of selenium and 
tellurium eorresponding to the furmulas of Ilie sulfur compounds, (h) the names of 
all these compounds und<‘r tlu‘ respeetivt* formulas. 


Sulhir compounds 

Selenium eomi)omids 

'rcllurium <-ompounds 

II.S. 

HoSO, . 

II.SO^. 


1 

i 


• I'osTKH, C.Iu’hi. Ediii-alioii. 28, 60.1 (lOlOh 


i\\ iti) additions.) 





T.\ble III 

Peiuoihc Classificaiion (»f ink IiIlemeni's {Modeun Plan) 

(Aloniit* numbers are plactul al)ove ibe symbols of llie ehuiuuils; atomic w<nghts below the symbols) 
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3. The elements, molybdenum, Mo. and tungsten. \V. are also found in Group 
VI. \\ i ile (n) the formulas for molyhdie and tungstic acids (analogous to sulfuric 
acid), (6) the formulas aiul the names of the ammonium salts of tliese acids. 

7. Atomic Structure, llie explanation for the above regularity 
in the properties of the elements lies in tlie structure of the atoms of the 
elements, which has already been discussed (IX. 2). 

8. Isotopes, Nuclear Structure and Transmutations, 
Shortly after the discovery of radioactivity, it was found that ordinary 
lead had a dilferent atomic weiglit than the load that is formed in 
radioactive decomposition. There are actually several dilferent forms 



le”) 


H^(profium) 



(tritium) 


Flo. 1. Structures of tlie isotopes of liylrogen. 


of lead (isotopes of lead) which are all chemically alike except in atomic 
weights. Isotopes are elements whose atoms are alike except as to 
atomic weight. Their nuclei contain the same number of protons 
but dilferent numbers of neutrons. The term isotope means ‘'the 
same place” (in the periodic system). Tlie simplest isotopes are 
those of hydrogen, of which there are three. Proliinn has atomic 
number 1 and atomic weight 1, ill*; deuterium has atomic number 1 
and atomic weight 2, iH-; tritium has atomic number 1 and atomic 
weight 3, ifP, The weight or mass of an atom is concentrated at its 
nucleus so the atomic structure diagrams for these isotopes could 
be indicated as shown in I'ig. 1. Ordinary hydrogen is a mixture of 
about 5,000 parts of protium with 1 part of deuterium, while tritium 
is present in this mixture in a much smaller proportion than deuterium. 
The properties of the various isotopes of a given element are almost 
identical. Their separation is a very dillicult process. An apparatus 
known as the mass sperlr(Kjraph has been used by K \\. Aston and 
others in the study of isotopes. 

There are two isotopes of chlorine whose atoms liave the structures 
shown in Fig. 2. Ordinary chlorine is a mixture oi about tliree parts 
and one part giving an average atomic weight of about 

35.46. Alost other fractional atomic weights can be explained in tin; 
same way. 

An important use of isotopic atoms promises to be as tiacers m 
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sliidyiiij; ( (Hiiplicalrd j sucli as digestion, plant growth, and 

(‘iilalysis. Thus (he passage of water tiirough a plant can be traced if 
some heavy hydrogen is pn'seni in the water absorbed. The water 
just alrsorbed can b(‘ distinguished from that present before absorption 
started. In a similar \\ay, the digestion of foods and tlie course of 
drugs in the body can be traced if these foods or drugs contain even 
a slight concentration of heavy hydrogen, heavy oxygen, heavy 
nitrogen, or heavy carbon. Radioactive isotopes of sodium and 
phosphorus are also useful as tracer elements. Their course may be 
followed bv det(‘cting tlieir radioactivity. 



2e)Se)7e- 



2e)Se)7e 


!• IG. 2. Stnu lurcs of llu* isotopes of chlorine. 


'\ he explanalioti for the existence of isotopes lies in the make-up or 
structure of the nuclei of atoms. This has been a most active field of 
researcli during the past few years. 

The nucleus of an atom is formed by the union of protons and 
electrons in some fashion not yet completely understood. A proton is 
a particle of mass 1 and charge 1+, being identical with the nucleus of 
ordinary hydrogen (proliurn). A proton and an electron can, appar¬ 
ently, fuse together under certain circumstances to form a neutron 
having mass 1 and no charge. The nucleus of a deuterium atom is 
composed of a neutroti and a proton thus giving rise to mass 2 with 
charge 1+ (a deuteron). Two neutrons and two protons combined 
produce an «//>/(« parlicle of mass i and charge 2'^ identical with the 
nucleus of the helium atom. Three alpha particles combined produce 
I lie nucleus of an ordinary carbon atom liaving mass 12 and charge 6^. 
Howi'ver. if three alpha particles combine with a neutron, the nucleus 
of an isotope ot carbon (mass 13, charge 6'*') is formed. It is to be 
noted tliat it is the charge on tlie nucleus and not the mass that 
charaetf'iizes the eh'ment. A given element may have atoms of 
several ditlerent weights, and it is thus evident that isotopic forms 
aris('. The table of stabh' isotopes, (Seaborg, 1944) lists over 50 
isotopic elements. anK)ng wliicTi are bromine, copper, mercury, silver, 
tin, I'lc. A lumihcr ()f isotopes with radioactive properties have been 
loiind in the products from mielear disintegration. 
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Fundanieiitally, the nuclei of dilTerenl atoms dilTer because they 
may be considered to be made up of diOcront numbers of prolonsaiid 
electrons that have united to form neutrons and alplia particles. 
These in turn unite to form nuclei as described above for helium and for 
carbon. 


Exercises 

t. Indicate the number of protons and neutrons recpiired for the nuclei of each 
of the following atoms: 

,1I‘, ,1P, .Ire^ oC‘2, 6C'^ 7N>\ ,0'«, ,0'* 

5. Indicate how the protons and neutrons would be united (o hinii alpha parti¬ 
cles and neutrons within the nuclei of eacli of the following atoms: 

dle^ 6C'=. .<)^^ ,()'« 

Much of the information concerning the nucleus has been obtained 
from experiments in which atoms of an clement are bombarded b> 
rapidly moving protons, alpha particles, nenlrons, or deiiterons. 
Because the nucleus of an atom is positively cliarged and because 
protons, alpha particles, and deuterons are also positively charged, 
these latter bombarding particles must be given enormous velocities 
and energies to overcome the repulsion between the two positively 
charged particles and strike the nucleus with enough energy to cause 
any change to occur. The situation is made more diilicult bi'caiise, 
even though the nucleus of an atom has practi('ally all the mass of an 
atom, it occupies only a very small part of the volume of the atom. 
Thus many bombarding particles miss (he nucleus entire!), many 
others are repelled or deflected due to insuflH’ient speed, and only a 
small proportion actually strike the nucKuis as desired. Tiie original 
source of bombarding particles was radium or some other radioactive 
element. The disintegration of radium involv(‘s the formation of 
alpha particles traveling at very high sjx'eds. Subse(|iiently. nu‘thods 
were devised for producing neutrons by the cyclotron and the atomic 
pile. The neutron, lacking a charge, can approach niK'lei at a slower 
speed. By such means it has been possible to achieve the transmu¬ 
tation of elements. 

'rransmutalion processes invohe not only llu* change of one kind 
of atom into others, but also (h<* libeiation of energy in aniouiils (|iiit«- 
large compared with the weights insoKed. dhis energ) arises fiotti 
the coinersion of a part of (he mass of the original atoms into ciierg> 
so that (here is a loss in weight dining the changi*. \\ present. micIi 
transmutation proce.ssi‘s are \<‘r\ inellicient and \ti\ coslK. No 
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practical progress has been made toward the large-scale production of 
useful expensive elements, e.g., helium, or toward the practical use ol^ 
nuclear energy, except in the case of the atomic bomb. 

9. The Atomic Bomb. The tremendous amount of atomic 
energy released in the explosions of the atoitiic bombs—the first 
experimentally, in New Mexico, the second and third at Hiroshima 
and Nagasaki in Japan (summer of 1915) and others subsequently at 
Bikini—is far greater than the amount of energy per unit weight 
released from any other explosive. 

The development of the atomic bomb was based upon (1) the 
production of the element plutonium, 94 Pu-=*^ from uranium, U, by 
bombardment of uranium with neutrons under controlled conditions, 
(2) the separation of the uranium isotope, (0.7 per cent) from the 

more abundant common isotope, gall-®'* (99.3 per cent). Both pluton¬ 
ium and the U235 isotope are less stable than the more abundant 


isotope. 

In a given period of time, an appreciable fraction of the atoms in a 
sample of plutonium, Pu, or U235 undergo radioactive decomposition 
producing neutrons. These neutrons cause additional atoms to 
disintegrate. This process, in turn, produces more neutrons which 
cause still more atoms of plutonium or 1‘235 to disintegrate. The 
process becomes a chain reaction, which proceeds with increasing rate. 
The reaction is controlled by interposing bars of cadmium or other 
material which absorbs a certain proportion of the neutrons without 
further action. An alternative procedure is to limit the si/e ol tlie 
samples of plutonium or 1'235 so that the maj<)rity of the neutrons 
escape into the surrounding medium. Samples of plutonium or I 23 ;j 
that are larger than a definite critical mass undergo the uncontrollt'd 
chain reaction characteristic of the atomic bomb detonation. The 
controlled action of disintegrating uranium, plutonium, Pu, and 
other elements is of great scientific value and interest in developing 11) 
isotopes for tracer studies (Sec. 8) and (2) atomic power plants. 
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CHAPTER XVII 

THE ATMOSPHERE 


In tlie study of oxygen, we liave learned that air is a mixture of 
gases commonly known as i\ic atmosphere. In this chapter, we are to 
consider some of its properties and its role in life and industry. The 
inert gases lound in the atmosphere will also be considered. 

1. Composition. Air is remarkably constant in composition, 
owing to constant mixing by the winds. Ordinarily, air is considered 
to be one-fitth oxygen and four-fifths nitrogen by volume. This is 
only an approximation. The actual composition is very close to 21 
per cent oxygen, 78 per cent nitrogen, and 1 per cent argon. In 
addition, the other rare gases, neon, krypton, xenon, and helium 
are present in minute but quite constant amounts. Dust, carbon 
dioxide, and water vapor are important components of air, but these 
are present in variable amounts. 


Important contributions to our knowledge concerning the upper 
atinospliere, or stratosphere, have been made as a result of balloon 
flights in 19.i t and 1935 sponsored by the U. S. Army Air Corps and 
The Xational Ceographic Society.^ On Nov. 11, 1935, the balloon, 
l•.xplorer II, ascended to a height of 13.7 miles. A vast amount of 
scientific data relating to meteorology, biology, and physics was 
collected, lor example, the atmospheric pressure at 13.7 miles was 
about 30 nim. whicii is only or 4 per cent of the pressure at sea 

le\el. Tiiis means timt 96 per cent of the atmosphere is below the 
13.7-mile level. \ ery low temperatures ( —78°F.) were recorded, 
riie sLinliglit was very intense, probably owing to the absence of dust. 
File sky, liowever, appeared blue-black in color. Samples of air col¬ 
lected during the flight and analyzed later at the U. S. Bureau of 
Standards contained tlie same proportions of oxygen and other com¬ 
ponents as tlie air at tlie ground level. To sustain life within the 
seal(‘d gondola, a liquid ox>gen-nitrogen mixlure nas provided. The 
exhaled air was puritie<l l)y passing it through a vessel containing 
sodium hydroxide wliii'h absorbed carbon dioxide and water vapor. 
About 3., (Ml, (100 cu. (I. ,,( (lie inert, noncombustible gas, helium, was 


'I fii‘ !\'(ilional (IriHiniphi'r OcIoIxt. Jj 
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used to iiillale the balloon. The inforiiialion obtained by tiiese 
investigations of the stratospliere is doubtless of great value in liigli- 
altitnde flying bolli in war and in ('oinineree. The n:n?ies of Major 
Anderson and Captain Stevens, who eondueted lliese flights, rank 
high in tlie list of explorer-seientisls along willi William ih‘eb(‘ and 
Richard Byrd, who have pushed back the frontiers of our knowledge of 
the air, the ocean, and the polar regions. 

2. Humidity, The actual percentage of water vapor in air 
is not so important as the relalive humidily or percentage of humidity. 
This may be defined as the ratio of the actual moisture content to the 
maximum moisture content. For purposes of calculation: 

_ , .j., actual pressure of water vapor in air 

% humidity = -;-- t. ---? - ^-r- X 100 

maximum pressure ol water vapor in air 


The maximum pressure of water vapor is the vapor pressure of wattu- 
(aqueous tension) that corresponds to the temperature of the air. The 
actual pressure may be obtained if the total air pressure (barometric 
pressure) and the percentage by volume of moisture in the air are 
known. 

4.1 I , • V/ % moisture 

Actual pressure = barometric pressun* X — - 

Example. A siiinjiie of air analyzes 0.75 per <'i*nl \Nat«T vajior. TTie Itaro- 
inotric pressure is 725 intn. ami llu* teiiip<Talure 22'^C. (lalculate the perci'iitaj'e 
of huiuidily. 

0.75 


725 X 


A nswer: 


100 


10.7 


X 100 = 27.f)7e liumidity 


Kxercisc 


1. Using the above JiaMhod «if ealeulation. fill in the blanks in tin* follDwiiig 
t able: 


% moist urel 
in air 

Baronu'trie 

pressure 

'I’l'tnpera- i 
ture 

1 

1 

Ma\iiiiiiin 1 

1 

pressure ' 

‘, hiiinidit y 

0.2 

765 

10 C. 




0.5 

718 

50 C. 




0.95 

755 

26 C. 

1 

1 



1.1 

720 


1 

1 


* 


3. Huniiditv and 

W 

controlled largely by 


Comfort. "The 
the evaporation 


lemptnature of the body is 
of water through th(‘ skin. 
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More rapid evaporation produces a greater cooling effect. The 
rate of evaporation is controlled largely by the humidity of the air. A 
low humidity causes relatively rapid evaporation and therefore 
causes a feeling of coolness. When humidity is high, an additional 

circulation of air so as to displace air of 
liighest humidity immediately next to the skin. 

4. Air Conditioning. Four factors are involved in the condi¬ 
tioning of air to make it suitable for living rooms, public buildings, 


Supply duct 


Stdom supply 
non-freeze heoter 



Outdoor 

^ ' O'*’ 

^ . intoke 


3 woy 
valve 


Chilled viaier supply 


Woter heoler—i Overflow 
Fresh wofer supply Chilled woter supply 


_ 


Fig. 1. Air-conditioning system. (Carrier Corpora/ion.) 

and manufacturing plants: (1) control of temperature, (2) control of 
humidity, (3) purification, (4) circulation. 

The air in living rooms, for example, is regarded as comfortable if 
the temperature is 68 to 70°F., and the relative humidity is about 
10 per cent. The air should be free from dust and circulated by fan 
01 otherwise. Air in houses heated by hot water or steam usually has 
a low relative humidity w hicli may be increased by use of tanks or pans 
eontaiiiing water, which may be attached to the radiators. Newer 
types of warm air healing equipment control all four factors in air 
<‘OiuIiti(ming and are practically automatic in operation. 

5. Proof That Air Is a Alixture. The relatively constant 
composition ol air might ii:islakenly be taken as proof that it is a com¬ 
pound. The best pro(;f tliat air is a mixture is its behavior upon 
paitiat lifpu'faetion, whereupon the liquid is found to be mainly 
oxNgen. Ob\iously, a compound would liave the same proportion of 
ox\geu after liquefaction as before. Equally sound proofs are based 
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upon the behavior of liquid air during partial evaporation and upon the 
solubility of air in water. In the latter case, the proportion of oxygen 
is much greater in the dissolved air. 

6. Liquefaction of Air. This depends upon the application of 
the important principle tliat a compressed gas absorbs heat upon 


expansion. Obviously, if a gas is compressed, the opposite heat change 
(liberation of heat) will occur and the gas will become warm or hot. 


The more important units in a liquid-air machine are indicated in 


Fig. 2. 


Inlet Compressor. Cooler Purifier 



Liquid! air 
outlet 


Fio. 2. Liquid-air nmchim* (How diajjratu). 


The compressor unit compresses the air to about Ib. per s(i. 

in. wliereupon the air becomes very itot. It is cooled to room tempera¬ 
ture by passing through a tank, of cold water. 1 he purifier contains cal¬ 
cium chloride, CaCh, or potassium hydroxide, KOH, or similar 
materials that remove moisture and carbon dioxide irom the air. At 
the low temperature of the liipiid air, these compounds would become 
solid and block the air passages. 

The liquid air is actually produced in the li(piefier which is very well 
insulated since temperatures of — !90°(.. must be leaclu'd inside 
the expansion chamber where the li(iuid air is lornied. I'.Nen undei 
the best of conditions only a portion of the air is li(piefied. I he cold 
but unliquefied air is returned to the compressor by way of llie heat 
exchanger. At the lieat exchangei-, the cold air riduining to the com¬ 
pressor comes in close contact «ilh the lube containing the relali\ely 
warm air that is just entering the liqiiefier. As a result, the incom¬ 
ing warm air is grt'ally precooled e\en belort' it reaclu'S Iht* (‘xpan- 
sion valve. In passing through tlie latter, the pressine ol the aii 
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drops from about 200 to 1 atm., and the resulting expansion lowers 
the temperature of the air so much that some of it liquefies. Obvi¬ 
ously, better precooling in the heat exchanger results in a larger 
proportion of air liquefaction. The design of the heat exchanger is, 
therefore, an important matter. 

Exercise 

2. Reproduc e ttie dia^Tuni of a liquid-air machine and explain the exact func¬ 
tion of each part. 

7. Liquid-air Products. Liquid air is the industrial source of 
nitrogen, oxygen, argon, neon, krypton, and xenon. The last four 
gases named constitute only about 1 per cent of air. The fact that 
tliese gases in the liquid state have different boiling points makes it 
possible to separate them by the fractional distillation or fractionation 
ol liquid air. For example, liquid nitrogen boils at — 195.8®C., and 
liquid oxygen boils at — 182.5°C. 


Exercise 

3. \\ liich fias, oxyfrcn or nitrogen, is present in greater quantity in the first 
portions distilled from liquid air.^ 

Oxygen from li([uid air is used extensively with acetylene for the cut¬ 
ting and welding of metals. Large quantities of nitrogen are used, 
with hydrogen, in the manufacture of ammonia. 

8. Inert or Rare Gases of the Atmosphere, These elements 
are all cliaracterized by tlieir chemical inactivity. They form no 
compounds with other elenietils and so may be said to have only a 
zero valence. 1 he external electron arrangements of their atoms may 
he summarized ns shown in Table I. (Refer to Chap. IX.) 


Table I 


Syinl)ol 

Naim; 

1 

.Xtoiiiic No. 

1 

External electron 
arrangement by levels 

Ih‘ 

j llt'liuni 

2 

o 

Ntr 

.\»*on 

10 

2. 8 

\ ' 

.\rg(»n 

18 

2, 8.8 

Kr 

K ryptoii 

36 

2, 8, 18, 8 

\c 

Xenon 

3t 

2, 8. 18. 18. 8 

Rii* 

Radon ^ 

86 

2. 8, 18. 32. 18. 8 


* EmaiKitioR frum racllmn. 
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'I'he iiKM't gases (^except heliuni) wi'icdiseoN cicd l)\ llir IjigliNli clinii- 
isls, Haiiisay and Ha\leigli, alxml 18*).'), during tlit'ii iii\rstigalimis nl' 
nilrogen. 'ITie discoxeiN of lliese idfUK'iils rasnllcd IVoni (‘xpcaina'iil.s 
(hat these scientists made on the d<*nsi(\ of nitrogen |)repare<) IVoni 
air and iVom ammoniuni nitrili*. d'lu* nitrogen prepaied IVorn tlu' 
air had a slightly greatta- dtaisily than th(“ nitrogen that the\ prepari'd 
from ammonium nitrite, ('.arefid in\estigation re\(‘aled that this 
ditVerenei' in densit> was due to the presence of tia* inert gases in I la' 
atmospheric nitrogen. 



Ph;. It. TIflium are NM-Miii'' of inii;:tit-'intii. ilhur (.Intiihiil ( <>.) 


Helium was disco\ered simullatieousU h> ,laii»en and h> l iaiik- 
land and Hoekxer l l}U)tli in the (Tin)itn»>phere nt the snti. I lie name, 
helium, is a (ireek word meaning "sun. Helium leplaced lixdiogen 
in the inflation of ha I loons and dii igildrs, hei au^e ol t lie lari I li.tt it due> 
not burn. A plant for extrarling helium from nalmal ga-. ni lexa^ 

is owned and opeiat<‘d hx the t . S. ( no n inm nl. 

Helium mixed with oxxgeii undei piev.iin- i-^ 'supplied in plaer nrmi 
to workmen engage* 1 in the rxra \ atiou i>| Iiiunels iindri i i \ ris. >iii<« 
helium is less soluhh* in the hk.od lhan niliogeii. Ihr posohililx ni lhr 
dread elfeels known as lla- heads i^ gnallx ledurrd. >iii*e lirlmm 
does not support eomlniNtinn. il i-' nsrd in wilding magii'''imn 

(WVIII. 


m.igne''iuin 
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Neon, when placed in glass tubes under reduced pressure and a 
suitable electrical potential, presents the familiar bright-red color 
effect observed in electric signs. 

Argon is used in electric-liglit bulbs in order to decrease the rate of 
evaporation of the hot metal filament. The inert property of argon 
prevents the formation of a compound of this element with the tung¬ 
sten in the filament. 


Exercise 

4. Which of the rare gases occurs in appreciable amounts elsewhere than in 

air? 

5. WTiich of the rare gases was discrovered in the sun before it was found on 
the earth ? 

6. Which of the rare gases ocTiir in connt'ction with radioactive minerals? 

7. What is the chief commercial source of (a) helium, (6) neon, (c) argon, 
(</) radon? 

8. State the two chief uses of helium. 

9. State one use of (a) neon, (h) argon, (c) radon. 

10. W hat is tfie number of valence elec*trons in the inert gases? 

SUGGESTED KE.\DING 

Dhinkeh. Atmospheric Pollution. Ind. Eng. Chem., 31, 1316 (1939). 

Metzger, Traces from Tons, Ind. Eng. Chem., 27, 112 (1935). 



CHAPTER XVIII 

NITROGEN AND AMMONIA 


The element nitrogen, No, and the compound ammonia, NIl^, 
are esscnlial materials in the manufacture of fertilizers and explosives 
and in industrial refrigeration systems. In tlie study of the manu¬ 
facture of syntlielic ammonia and its use in refrigeration, we sliall 
consider two very interesting scientific principles. 

1. Nitrogen. Tlie atmosphere, as already stated, contains 78 
per cent nitrogen and 21 per cent oxygen. Since air is colorless and 
less reactive than oxygen, it follows that nitrogen must be a colorless 
and a relatively inactive gas. Animals placed in a chamber containing 
nitrogen sooi\ die from sufibcation. 

Since nitrogen, in compound form, is involved in the growth of 
plants and animals, it is an essential element in fertilizers and foods. 
The excreta of anin\als contain combined nitrogen which is readily 
av'ailablc to plants when applied to the soil. Animal inanun's are 
usually supplemented by prepared fertilizers containing sodium nitrate, 
NaNOs, ammonium sulphate, tNll 4 )-jS()i. and other compounds. A 
more detailed consideratioii of fertilizers is presented in (-hap. \X and 
in courses in agronomy. 


Kxorcises 

1. Culculato ttu* rolalivo (l«*nsity of O-: and N;> usinjj tlu* firain molar noIuiim’ 
primiplo. 

2. Hxplain why tlu* ln‘a\ h*r ().■ dot's no I st'l lit* lt» 1 hi' ('art h and thus chanjjt' tho 
percentagt? composition of tin* air at tlu* surfaci' of Iht* (*{irth. 

2. Chemical Properties of Nitrogen. In contrast to oxygen, 
nitrogen is relatively iiiitctive altluuigh it does react with certain 
other elements and conipoun<ls undf'r the proper <-onditions. for 
example, it combines with hot magnesium, aluminum, and a lew 
other elements, forming tiilridcs. 

3Mg -f Nj ' 

Carbon, sulfur, and other c(nnhiislihle snhstanei's, when first ignited 
in air and then placed in nitrogen, cease to burn. 
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3. Fixation of Nitrogen. Any process for converting the 
nitrogen gas of the atmosphere into a useful nitrogen compound is 
called nitrogen fixation. This process is accomplished naturally by 
means of tlie bacteria on the roots of certain leguminous plants, as well 
as by lightning. Nitrogen fixation is accomplished commercially by 
the Haher process and by the cyanamide process. The latter involves 
the heating of calcium carbide >nth nitrogen in an electric furnace, 
causing the follo\ung reaction: 

CaC, + N. -> CaCN. + C 

calfiiini 

cyanatiiidc 

Calcium cyanamide is a solid that reacts with hot water. 

CaCN, + 3H,0 — CslCOz + 2 NH 3 

aininonia 


Nitrogen fixation is most essential in order that the fertility of soils 
and therefore the yields of crops may be maintained. The uncom¬ 
bined nitrogen of tlie air is useless for plant growth, but nitrogen 
compounds are absolutely essential for proper growth. Nitrogen 
compounds are also essential in connection with warfare and with 
blasting and construction work. 


Exercise 

Calculate {< 1 ) the weight of caleiiiin eyanainide formed by the reaction of 
l.(H)() g. calr-iiiui <*arl)idr with an excess of nitrogen; [b) the volume of nitrogen at 
lOO'^C. and ToO mm. pressure recpiired to react with 1,000 g. calcium carbide. 

VAIMONIA 

4. Industrial Importance and Uses, Amtnonia, NH 3 , Is 
used extensively in refrigeration because it is easily liquefied by 
pressure and because the liquid gives a large cooling effect when it 
vaporizes. It is also used in the manufacture of sodium carbonate 
(soda asii or washing soda). Large quantities of sodium carbonate are 
used in glass manufacture and in the softening of hard water. Ammo¬ 
nia is also used in the production of fertilizers, e.g., ammonium sulfate 
and ammonium ])hosphale and the cxpl(»sive, aminoiiium nitrate. 
Large amoniils t)f ammonia are used in the manufacture of nitric acid, 
which is ill liirii converted to lerlilizers, explosives, celluloid, and other 
plaslics and resins, dves. and drugs. 

5. MaiuifiK-ture of Ammonia. Ammonia is produced by the 
aelion of heal on soft coal in the absence of air. This is called desIriiC' 
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live disiiUalmi of real. Tlie nuiin products of I Ids process arc coke, 
coal tar, and coal gas. The coal gas is passed tlirough water which 
dissolves the small proportion of aninioida present, while the remainder 
of the coal gas passes on unclianged. 'I'hc amnioida solution (ammo- 
niuiri hydroxide) is neutralized by sulfuric acid and the ammonium 
sulfate is recovered by evaporation. 1'he entire process may be 
described in outline form by a flow diagram as follows: 



heal in 
absence 
of air 


tar 


gas 

coke 


H,0 


purified ] 
('oal gas - 
NlUOll 
solution 


IhSO, 


j(NH4)2SO, 

|solution 


ap- 

oration 


solid 

(NH4)*S04 


At the present time ammoida is manufactured largely by the direct 
union of the elements nitrogen and hydrogen. 

N, + 3H2<=^2NH, + beat 

This is called the Ilahcr process. 

6. Haber Process. In this process, purified hydnigen and nitro¬ 
gen in correct proportions are passed over a catalyst at a temperature 
as high as 550°C. (nearly red heat) and a pressure as high as 1.000 atm. 
At 500°C. and 300 atm., about 2.5 per cent of the incoming gas(‘s 
combine to form ammonia. The ammonia is separated, and the 
uncombined hydrogen and nitrogen are passed through the process 
again. The catalyst may consist of a spe< ially prepared mixture of 
iron and molybdenum witli smaller amounts ol otlier elements. I he 
commercial catalysts consist of iron with potassium, sodium, or other 
elements. It is necessary to construct the apparatus of special alloy 
steels that will withstand the extnMiH'ly high temperature and pres¬ 
sure. This process is of major importance in national and woild 
affairs because of its relation to the production ol lertilizers, exp!osi\es. 
plastics, dyes, and drugs. 

The question naturally arises as to why only about 25 per cent ol 
the nitrogen and hydrogen unite, and how lliis low yield may be 
increased. Higher temperatures result in a (h'crease in yield, whih* 
higher pressures give increased yield. As a n'sult. operating piessines 
have been increased from 200 to 1.000 atm. in the past 20 \<‘a[s. I his 
has been made possible by the di'veloiiment oi stronger alloy steels. 
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Lower temperatures result in higher yields, but the rate of the reaction 
is halved for every 10-deg. drop in temperature. For this reason, 
temperatures cannot be decreased below their present values without 
slowing the process down so nuich that it becomes impracticable. In 
fact, the only reason why the process is practicable at all is that the 
catalysts used increase the normal rate of the reaction sufficiently to 
allow the 25 per cent yield of ammonia to be formed during the com¬ 
paratively short time when the gases are in contact with the catalyst. 

1'he reason for the limitation of the yield is the reversible nature of 
the reaction: 


N, + 3H-,?=>2NH3 + heat 

With the temperature and pressure mentioned above, it is impossible 
to have more than 25 per cent ammonia present because, when this 
concentration is reached, the ammonia decomposes as rapidly as it 
forms. In other words, the forward and reverse reactions in the above 
equation have reached a state of equilibrium. Use of a catalyst has 
no elfect on the proportions of ammonia in tliis mixture. The sole 
function of the catalyst is to decrease the time required for the original 
mixture of hydrogen and nitrogen to change to the equilibrium mix¬ 
ture. Changes in temperature and pressure do change the proportions 
in an equilibrium mixture, and by making use ofLe Chatelier’s principle 
the general nature of these effects can be determined without doing 
any experiments. 

7. Le Chatelier’s Principle. This may be stated in its most 
general form as follows: If a stress is placed upon an equilibrium mix- 
lure, the aclion (hat relieves Ihe stress is favored, A stress is a change 
in temperature, pressure, or concentration. Thus, if the temperature 
of an equilibrium mixture is increased, the action that cools the mixture 
is favored. If the temperature is decreased, the action that produces 
heat and thus warms the mixture is favored. For practical purposes, 
the principle may be summarized as follows: 

а. Increase in temperature favors action that uses heat. 

б. Increase in pressure favors action that reduces the volume of 
the mixture. 

lor example, when the temperature of the equilibrium mixture 
N 2 H- 5 H 2 ^ 2 NII 3 + heat, is increased, it is the reverse reaction (to 
tlie left) that is favored because tliat reaction uses heat (NIL is also 
used. No and H> are produced by the reverse reaction). Again, if the 
pressure on the mixture 
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Nj + SHair—»2NH3 

4 vol. 2 vol. 

is increased, the forward reaction (to the right) is favored because it 
occurs with decrease in volume (from I to 2 volumes). 

Exercises 

4. Indicate whieti reaction, to llie right or left, is favored in the following 
cases; 

(a') Increased temperature on CMi + II 2 ^ Calls + heat. 

(6) Decreast'd temperature on Na + Oa 2NO — heat. 
ic) Increased temperature on 2 NO 2 + heat *=2 2NO + O 2 . 

(t/) Decreased temperature on No 04 ?^ 2NOa — heat. 

(e) Increased temperature on 2 SO 2 + 02?=^ 2 SO 3 + heat. 

(/) Decreased pressure on reaction of («). 

(g) Increased pressure on reaction of (6). 

(/i) Dc<;reased pressure on reaction of (c). 

( 1 ) Increased pressure on reaction of (</). 
ij) Decreased pressiire on reaction of (e). 

.5. State the best conditions of temperature and pressure for a good \ield (in 
forward direction) in each of the reactions of Exercise I, assuming tliat all the 
reactions are rapid. 

8. Refrigeration. All ordinary refrigeration processes depend 
uport the following principle. When a litpielied gas vaporizes, it 
absorbs heat (has a cooling etlecl on itself and its surroundings). 
This may be expressed by a diagram (Kig. 1). 

E^^pcinsion or vaporization 
Absorbs heat 
{cooltnq) 


Liqutd 


yapor 


Compression or condensation 

Produces heat 


Vin. 1. Cooling by vapori/ation. 

Figure 2 indieates the various parts and their arrang(-menl in the 
most eommon type of refrigtM'ating nnit. The gas in the unit is warmed 
above room teinperatun' hy tlie <'ornpressor. hut is then cooled to room 
temperature by the water or air cooler. 'I'his proeess usually results 
in lupiefaclioin Beyond the expansion \alve. the liipiid vaporizes 
and absorbs heat, and this etlVet is used to produce tlu' desired refriger¬ 
ation. Finally, the vapor is retnriH'd to Ihe compressor. _ 

The materials used in refrig(‘ration units should he easily lupiefied 
by pressure and sliould absoii) muc li lieal per unit ul wei^lil Nvlun I 
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liquid changes to vapor. Tliey sliould also be, as nearly as possible, 
nonpoisonous, iioniriflammable, nonexplosive, and have a characteristic 
odor. It is diflicult to achieve all these characteristics in one sub¬ 
stance. Some commonly used substances are ammonia, sulfur dioxide, 
methyl cidoride, CH3CI, and dichlordifluorometliane, CCI 2 F 2 (Freon). 
Tlie latter compound is especially well adapted for use in household 
refrigerators. Other similar compounds are also used. 



I 


i 


> Water or 
D aircooler 


\ Expansion valve 


Expansion coils placed 


in space or material 
j to be cooled 


Fui. 2. Flt)w (lia;;ram of refrigeration. 


The working parts of a household refrigerator are shown in Fig. 3. 
The process is essentially the same as that described and illustrated 
in Fig. 2. The reader should trace the cycle followed by the refrigerat¬ 
ing gas, in the diagram of the household refrigerator. 

9. Laboratory Preparation of Ammonia. This is most con¬ 
veniently done by the reaction of lime \vith an ammonium salt >vith the 
application of some heat (see Sec. 13). 


Exercise 

6. Complete and balance the equations: 

CaO + (NH4)2S0, ^ NH, + H.O + 
Ca(OH)2 - 1 - NH4CI -> 


10. Physical Properties of Ammonia. Ammonia is a colorless 
gas uith a sharp odor, very soluble in water, and easily liquefied, even 
at ordinary room temperature under a pressure of approximately 8.5 
atm. Liquid ammonia boils at — 33.5®C. and, upon evaporation, 
absorbs 330 cal. heat per gram (heat of vaporization). For water, the 
heat of vaporization at 100*^0. is 5 10 cal. p(‘r gram. 

11. Chemical Properties of .Vmmonia. Ammonia unites with 
wal(‘r to form atnmoiiiimi ludroxide, a \v(‘ak base. 


It unites 


NH, + H;0^= 
directly with acids 


>fMH,OH4^NH4+ + on¬ 
to form aminoiiium salts. 
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Fig. 3 . IlouselioUl rffrit-rriMor. ((.’rnmi/ Molars Corimnilion.) 
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12. Formation of Ammonium Salts. They may be formed by 
direct union of ammonia with an acid, or by neutralization of ammo¬ 
nium hydroxide bv an acid. 


Exercises 

7. \\ rite eciiiations for the formation (by direct union) of (a) NIT 4 CI, 

(h) NH,N03, (c) imh)SO,, id) NHJI.PO 4 , (e) (NH^)2C03. 

h. \\ rite equations for the formation of the salts of Exercise 7 by neutralization. 


13. Properties of Ammonium Salts. Ammonium salts are, in 
general, while solids quite soluble in water. They are decomposed by 
heat usually (but not always) into ammonia and an acid. 

Ammonium salts dissociate into ions when dissolved in water, for 
example, 

NH4CI-^ NH 4 + + ci- 


All ammonium salts liberate ammonia when heated with a strong 
base, NaOH or Ca(OH) 2 . This is the basis for the laboratory 
preparation of ammonia, and also for the test for ammonium salts 
(or the ammonium ion). To lest an unknown salt for ammonium ion, 
a sample of the salt is mixed with NaOH solution, or solid CaO or 
f-a(OH)j, and the mixture is heated. Red litmus paper, held just 
above the mouth of tlie test tube, will turn blue. 


Exe 


rciscs 


9. rite equations for tlie dwoinposilion by heat of salts a, c, d, and e, of 
E\en'is«* Atniiionia is formed in each of these eases. 

10. Write etiuations for the ioni/alioii of five ammonium salts. What ion is 
present in all ammonium salt solutions.^ 

11. W rite five equations to illustrate the reaction taking place during the above 
test. 

The liberation of ammonia is detected (a) by its odor, (b) by its 
action on moist red litmus paper, (e) by its blackening action on filter 
paper wet witli mercurous nitrate solution. A slight blue color in the 
litrntis test is not necessarily an indication of ammonia if NaOH solu¬ 
tion is us(‘d in the test, beeaust* a fine spray of NaOH solution may 
reaVli the litmus paper in spile of cotisiderable care to a\oid this effect. 

Exercise 

12. C.alculate ttie ^()!un^c of ammonia gas formed at lOO’C. and T.')0 rimi. 
pressure, hy heating 100 g. ainiiKtnium chloride with an e\c<‘ss of sodium hydroxitlc. 

SI (;f;ESTEI) HEADING 

Crniis, Nitrogen Fixation. ./. CIuhh. Eduadum. 19, 161 (191-2). 

- —. Ammonia. J. Ch-tn. Education. 19, 188 (1912). 



CHAPTER XIX 

NITRIC ACID AND EXPLOSIVES 


Nitric acid, HNO3, is a very important substance: in the laboratory 
as an oxidizing reagent, and in industry for the manufacture of explo¬ 
sives. To understand the chemistry of nitric acid, it wiW be helpful 
to turn our attention first to a brief study of the oxides of nitrogen. 

1. Oxides of Nitrogen. NUrous oxide, NoO, is a colorless gas 
that supports combustion. It is used as an anesthetic (laughing gas), 
but for this purpose it is mixed with a proper proportion of oxygen. 
Nitric oxide, NO, is also a colorless gas that combines spontaneously 
with oxygen to form NO 2 . Nitro(ien dioxide, NO-., is a brownish-yellow 
gas formed as above, also when nitric acid is heated. NO 2 combines 
with itself to form N 2 O 4 to a considerable extent at room temperature, 
and to a greater extent at slightly lower temperatures. Nitrogen tetrox- 
ide, N 204 , is a colorless gas (easily liquefied) that largely decomposes 
to form NO 2 at or above room temperature. Other oxides of nitrogen 
are also known. 


2. Industrial Uses of Nitric Aci<l, IINO 3 , Large quantities of 
nitric acid are converted into calcium nitrate and other nitrates for 
use as fertilizers. One of llie largest uses of nitric acid is for the manu¬ 
facture of high explosives such as nitroglycerin, trinitrotoluene, TNT, 
picric acid, and nitrocellulose. Certain of these explosives are essen¬ 
tial for the blasting operations of quarrying, mining, stump removal, 
and general construction of all kinds. Dynamite is a mixture of nitro¬ 
glycerin with a filler such as full(*r’s earth. Other explosives, such as 
ammonium nitrate and nitrocellulosi*. are also usually present in the 
mixture. 

Nitric acid is also used for the production of pyroxylin plastics, 
which are formed by allowing nitric acid to act on cotton in such a way 
as to form nitrocellulose containing less nitrogen than gun cotton. 
Pyroxylin plastics may be sawed, filed, chiseled, puncln^d, pressed, 
stretched, or molded. They are soft when warm, hard \Nhen cool, and 
are easily cemented together. They are not ordinarily subji'ct to cor¬ 
rosion and are stable over indcTmiti* periods of lime, 'fhey are usimI 
in large quantities as artificial leather for iqiholstery and bookbinding, 
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ifi f)laslic wnnd, and in rokl solders. Rapid-drying paints and 
ofleii eoiUain p>roxylin plastics. Large quantities are also used for 
motion-picture lilins. Their only disadvantage is a tendency to burn 
if oveiiieatcd. Nitric acid is also of importance in the synthesis of 
(ly<‘s and <lrugs, many of \Nhich are nitrogen compounds, 

3. Manufacture of Nitric Acid bv Oxidation of Aniniouiu. 
Ostwald Process. Tliis is accomplished in three reactions. The 
second and third reactions take place spontaneously but the first one 
mak('s iis(* of a platinum catalyst and a temperature of about ^100°C. 


Pt 


4NHa 

+ 50, 

^ 4N0 -f- 6H,0 

(1) 

2NO 

+ 0, 

^ 2 NO 2 

(2) 

3NOj 

+ H,0 

— 2 HNO 3 -1- NO 

(3) 


Tlie NO formed in the third step is mixed with that from the first step 
in the process. 



Exercises 

1. A tenipor.iture of .>00®C. jrives a lowtT yieUl of NO in reaction (1) than 
100®C. Is this action exolhcnnic'* 

2. Would increase in pressure result In an incr<*ase in yield of NO in reaction 

(D? 


4. Other Methods for the Manufacture of Nitric Acid. At 
east two other methods have been in use, but are of decreasing impor¬ 
tance. The arc process forms NO by direct combination of N 2 and 
Oo in an electric arc, and the NO is tlicn converted to nitric acid as in 
the ammonia oxidation process. The Chile sallpefer process made use 
of sodium nitrate and sulfuric acid as described below in connection 
with the laboratory preparation of nitric acid. 

5. Laboratory Preparation of Nitric Acid. Solid sodium 
nitrate is heat(‘d with concentrated sulfuric acid in a glass retort. The 
products are soflium bisulfale and nitric acid. The sodium bisulfate 
remains in tiie retort and the nitric acid distills off. The equation for 
the above reaction is 


NaNOa -I- H-.SO. — NaHS 04 + HNO 3 

6. Properties of Nitric Acid. a. Nitric acid is an active acid. 

It ionizes and is neutralized bv bases in the usual manner. 

% 

b. Like tnany other acids, nitric acid reacts with alcohols to form 
esters. This reaction, called esferificalion, is analogous to neutraliza¬ 
tion. An alcohol is a compound of a hydrocarbon radical ^\^th the 
liydroxyl radical, and an ester is a compound of a hydrocarbon radical 
with an acid radical. 
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Typical examples of esterification are given below. 

CaH.OH + HNO 3 C^HsNO, + H.O 

ethyl ethyl nitrate 

alcohol (an ester) 

CjHsCOH), + 3 HNO 3 CaH5(N03)3 + 3 H 2 O 

glycerin glycerol trinitrate 

(an alcohol) or 

nitroglycerin 
(an ester) 

Cellulose + HNO 3 —* Cellulose nitrate + HjO 

an alcohol an ester 

c. The reaction of nitric acid willi metals is unusual because it acts 
as an oxidizing agent as well as an acid. Willi iron and less active 
metals, concentrated nitric acid reacts to produce t!;e metallic nitrate, 
water, and NO 2 . Dilute nitric acid forms NO instead of NO 2 . Hydro¬ 
gen is not generally produced in these reactions. With metals more 
active than iron it is impossible to give a general rule. For instance, 
zinc reacts with very dilute nitric acid, producing ammonium nitrate, 
zinc nitrate, and water. Nitric acid reacts with nonmetals to produce 
the oxide or acid of the nonmetal, water, and either NO or NO 2 . 

Illusfralive case. Silver with dilute nitrie acid. 

Ag -|- HNOj —• AgNOj + NO + H-O (skeleton cciuatioii) 

Oxidation, loss of c" 

1e- X 3 = 3e- 

aigo + iHNOa SAgNOj + 1 NO -f H,0 

Reduction, gain c)f <■” \ 

3e- X 1 = 3e^ 

Add 3 HNO 1 to provide liNOj' l<) form 3 

3 /\g 4 HNO 3 3AgNO.i + NO -f 2H;0 (halanced equation) 

d. Nitric acid has an unusual property in tliat it is a nilralin<i <t<fen{. 
This property is important in connection with the production of 
explosives as well as drugs and dyes. 

CeHf, + HNO 3 — C,.H.,NO, -t H,0 

hen/etie nilroln‘ti/ein* 

C:H« +3HNO;i -> CtH.iNO,):, I 3H,0 

toluene Irinitrololiiene 

(1’NT) 

C.,H,(OHmNO,); I 3H.0 

trinitn»pli»‘no! 

(picric acid) 


CcHiOH -f- 3HNO., 
plnuiol 

(carbolic acid) 
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Exercises 

3. Write the equation for the ionization of nitric acid. 

4. Write full ionic equations for the neutralization of nitric acid by (a) sodium 
hydroxide, (6) calcium hydroxide, (c) aluminum hydroxide, (d) ammonium 
hydroxide, (e) one other hydroxide. 

5. Write skeleton equations for each of the following (see also Exercise 6): 
(a) silver with dilute nitric acid, (6) copper with dilute nitric acid, (c) silver with 
concentrated nitric acid, (d) iron with dilute nitric acid (ferric nitrate is formed), 
(e) copper with concentrated nitric acid, (/) iron with concentrated nitric acid, 
ig) sulfur with concentrated nitric acid (sulfuric acid is formed), (h) carbon with 
concentrated nitric acid (carbon dioxide is formed), (i) phosphorus with con¬ 
centrated nitric acid (phosphoric acid is formed), (f) bismuth with dilute nitric 
acid, {k) zinc with very dilute nitric acid (see Sec. 6c), (/) ferrous sulfate, sulfuric 
acid, and dilute nitric acid (ferric sulfate, nitric oxide, and water are formed). 

6. Balance each of the above equations by use of the valence change, electron 
method (see illustrative case, also XL 10). Carry out the following preliminary 
steps: 

a. Be sure that all formulas in skeleton equations are correct. 

b. Mark the valence of the elements that change in valence. 

c. Mark the electrons gained and lost, and use these to balance the equations. 

7. Mark oxidation and reduction and (olal electrons gained and lost in each 
of the above equations. 

8. Starting with nitrogen from liquid air, write five equations showing the 
following conversion processes: 

Na NHj -> NO NO, HNO 3 -> C^HsiNO^h. 


EXPLOSIVES 

7. The use of explosives in excavating, mining, and quarrying 
operations has already been mentioned. About 190,000 tons of explo¬ 
sives are used annually for siicli purposes in the United States. Explo¬ 
sives may be regarded as most useful tools of llie engineer, the farmer, 
and the sportsman. L iiforluiiately for the human race, explosives 
have been used for military purposes. The destructive effects of 
bombs, rifle bullets, slirapnei, and toipedoes are only too well known 
to both soldiers and civilians. 

8. General Characteristics of Explosives. An explosive may 
be defined as a substance that will produce a large volume of gaseous 
products by a very rapid reaction. 

a. Effeclivertess. It is the tremendous expansive force of the gases 
formed that produces the useful or harmful effect as the case may be. 
For example, nitroglycerin decomposes during explosion, according 
to the following equation: 


4C,Hi(N03)4 — 12CO.. + 10H,0 + 6 N 2 + Oi 
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Exercises 

9. From the above equation calculate (a) the total number of moles of 
gases formed per mole of nitroglycerin, (6) the total number of liters of gases 
(at S.C.) formed per gram of nitroglycerin, (c) the total number of liters of gases (at 
2200*C.) formed per gram of nitroglycerin. 

Note: In (6) use the G.M.V. principle. 

10. In a single blast in a limestone quarry, 125,000 tons of limestone were 
brought down by 26,500 lb. of dynamite (data from Hercules Powder Company). 
Calculate the number of tons of limestone brought down per pound of dynanute 
used. 


b. SlabUily. It is a well-known fact tliat rifle cartridges and dyna¬ 
mite can be stored and transported safely if properly handled. In 
fact, millions of pounds of explosives have been transported by rail¬ 
roads without serious accident during the past 15 years. The higli 
explosive in a cannon shell will not explode even under llie impact of 
the firing charge, until the sliell hits the target. It is essential, how¬ 
ever, that dynamite and other industrial explosives be handled with 
proper precautions and only by experienced workers. For example, 
exothermic decomposition of dynamite may begin at a temperaUire of 
150®C. At 200 to 300°C. most explosives will explode instantaneously. 
Mechanical impact by tools or rock should be avoided. 

9. Important Types of Explosives, a. Black Powder. This is 
the oldest type of explosive, having been discovered by Roger Bacon in 
England in the thirteenth century. The Chinese have also used it 
from very early limes. Three materials, charcoal, sulfur, and sodium 
nitrate or potassium nitrate, are used in its manufacture. These 
materials, after thorough mixing in the moist condition, are converted 
into granules. The granules are then glazed with graphite. Black 
powder is a burning type of explosive. During the explosion, the sulfur 
and the charcoal unite with oxygen of the sodium nitrate or potassium 
nitrate. The gaseous products of the combustion are carbon dioxide, 
carbon monoxide, sulfur dioxide, and nitrogen. Numerous solid 
products are also produced which form smoke and cause the fouling 
of rifle barrels. 

b. Smokeless Powder. The principal ingredient of smokeless powder 
is cellulose nitrate (Sec. 6) which is made by treatment of cotton or 
wood pulp with a mixture of strong nitric acid and sulfuric* acid. The 
sulfuric acid removes the water formed in the reaction. The nitric 
acid introduces nitrate radicals which furnish oxygen for the combus¬ 
tion of the carbon and the hydrogen. The products of the* combustion 
(explosion) are carbon monoxide, carbon dioxide, nitrogen, and water 
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\ npor. The combustion, however, is much more rapid than in the 
rase of black powder since the oxygen is in the same molecule, whereas 
in black powder the oxygen of the potassium nitrate unites with the 
(■aib(>n and the sidfur, wliich are separate components of the mixture. 

t’.ellulose nitrate, when used alone, burns so rapidly that it is not 
suitable for ammunition. It is, therefore, dissolved in acetone or in 
a mixture of alcohol and ether. In this form it is extruded from a die 
and cut into small rod-shaped grains of uniform size. The solvent is 
largely removed by evaporation. 



Fk;. 1. Explosion photograph of a dynamite cartridge. (J. Chem. Educalion 

and Hercules Powder Company.) 


Two types of smokeless powder (single base and double base) are 
manufactured. The single-base type contains only cellulose nitrate. 
The double-base typt' contains cellulose nitrate and nitroglycerin. 

The term smokeless powder is not a strictly accurate one as evidenced 
by the fact that large volumes of smoke are produced by it when fired 
in large ejuantities, as in battleship guns. 

r. Nilroglycerin and Dynamite. Nitroglycerin is an unstable 
liquid. \\ hen mixed with about 8 per cent of cellulose nitrate, it forms 
blasting gelatin, which is us(‘d extensively in the blasting of oil wells. 
Dynamile is composed of nitroglycerin, an absorbent material (e.^., wood 
pulp), and an oxidizing material, usually sodium nitrate or ammonium 
nitrate. The combustion of wood contributes heat and energy in the 
(‘xplosion of the dynamite. The mixture is usually sold in the form of 
small cylindrical “sticks” covered with waxed paper. 

Dynamites containing ammonium nitrate are employed extensively 
for blasting u\ mines. It is estimated that ammonium nitrate makes 
up about 40 per cent of all industrial ex'plosives used. This fact 
illustrates clearly the great iiuportance of ammonia and nitric acid in 
the explosive iiulustrv. 
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d, Trinitrotohiene TXT. Tolurito. ('tHs. is produtrd by tlu‘ IVac- 
lional distillation of coal tar and IVoni pcliolcuin. Wlicn il reads 
with nitric acid, three nitro groups are iniroduced in (he place of tliree 
hydrogen atoms (Sec, 6). 




FlO. 2. Three ty|M*s <if powder. Top: sm(>k«-le>s po\N(h-i for ^llnt}^url: riiidtllr: 
black |)ow(ler f<»r shot hollom: •'iiiokeless pow der lor rille. i./. (.hcni. lAliii iiltini 
and Hercules l^ou'der (.tnnpany.) 


Tlie bursting cliargt* ol shells. b<uiibs. and torpedoes is usuallv 
trinitrotoluene mixed with ammonium nitrate. 1 Ins mixture is \er\ 
stable but, when detonated, it explodes with extivme si)eed and 
\iolence. The use of Irinitrotolm'ne as a propellent cbarg<‘ in a gun 
would rupture the barrel of tbe gun. l't)r this reason, the ]>ropelletil 
charge in cannon shells is smokeless powder whieli de\elops less jttes- 


sure and shock in the gun. 

e. Defonufors. l^laek ‘ 

taiuing combustibh* sid>stanees. 


•Xplodes w hen igiiite<l 1)> 

I )\ iiamite and other high 


a (use coii- 
r\j)l<)si\ I S. 


158 


GENERAL AND APPLIED CHEMISTRY 


[Chap. XIX 


however, are set olT by means of delonalion or shock induced by the 
explosion of small charges of mercuric fulminate, Hg(CN0)2, lead 
azide. Pb(Nr>') 2 , or organic explosi\ es. Tlie detonator charge is enclosed 
in a small tnelal container (cap) which is placed in close contact with 
the explosive to be used. In guns, the cap is exploded by the mechaii- 



3. 




Sulfur 

Wo ter 
proofing 

Plug 



L Wires 


Deloy 

fuse 


Detonoting 

composition 



Flash 

powder 


Solid 

shell 


Kl(M-trir LliKHn*; cap. Left: \-ray photograph; right: 
(■hern, htluaifion nrul flerrufcs Powder Corrifxiny.) 


(liagratn. 



ical impa(‘t of the firing pin. 
an electric current sent thron 
ftise. 


In blasting caps, the cap is exploded by 
gli it from a battery, or by sparks from a 
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CHAPTER XX 

PHOSPHORUS, ARSENIC, ANTIMONY, 

BISMUTH. FERTILIZERS 

In the preceding chapter, we have learned that nitrogen forms a 
number of oxides and that nitric acid is a strong oxidizing agent. The 
variable valence of nitrogen is an important fundamental properly 
in the study of nitrogen and the other elements of the nitrogen family. 
These elements constitute Group V of the periodic table. (XVI, 2). 

1. The Nitrogen Family. This includes the elements nitrogen, 
phosphorus, arsenic, antimony, and bismuth. Table I summarizes 
essential information concerning them and proWdes an excellent exam¬ 
ple of increasing metallic nature witli increasing atomic weiglit. 


Table I 


Symbol 

Atomic weight 

Description 

Common valences 

N 

It 

Colorless gas 

+ 5, +3. —3 

P 

31 

Bed or white solid 

+ 5, -1-3. -3 

As 

Sb 

Bi 

75 

122 

209 

j Metallic appear- 
\ ing solids 

+5, -1-3. -3 
+3. +3, (-3) 

+ 3 


Table II summarizes the formulas and names of tlie mon* important 
compounds of phosphorus, arsenic, antimony, and bismutli. Numer¬ 
ous rare and relatively unimportant compounds have been omitted. 


Table II 

Trioxides: N 20 j, nitrogen trioxidc; P 2 O 3 , phospliorus trioxide; As.Oj; 

BijOa 

Penloxides: NaOs, nitrogen pentoxide; P 2 O 5 ; .\s 2 O 5 

Acids derived from irioxides: HNO2, nitrous Hcid; H3PO3, phospliorus acid; lIj.XsOj, 
arsenious acid 

Acids derived from penloxides: lINOj; II.iPO,; H 3 .\s 04 , arsenic acid 

^alts: Salts of HN 02 contain NO 2 radical and are called nitrites 
Salts of HjPOj contain PO3 radical and are called phosphites 
Salts of HsAsOs contain AsOs radicjd and are call**d arsenites 
Salts of HjP 04 contain PO 4 radical and are called phosphates 
Salts of H*Aa 04 contain ASO 4 ra<lical and are i-alled arsenates 
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('hlorides: pliosphonis trichloride; PCU, phosphorus penlachloride; AsClj; 

AsCU: SbCL; BiCL; SbOCl, antimony oxychloride (antimonyl chloride); BiOCl, 
bismuth oxychloride 

Stilfidf's: AsjS.i, arsenic trisulfide (arsenious sulfide); AS 2 S 5 , arsenic pentasulfide; 

Sb^Sa; Sb-,S,: 

Misci'Uarirous cnni/xninds: PKs, phosphine; AsIIs, arsine; Bi{NOs) 3 , bismuth 
nitrate; BiONO^, bistmilh subiiitratc; KSb 0 C 4 H 406 , potassium antimony 
tartrate (tartar emetic) 


Deflector 


Heot collector 


Volve 


Topered nozzle 


Corrosion 
proof wax 



Hook 


Key soldered to 
heot collector 


Fn;. 1. Fire sprinkler—fusible-alloy type (sectional view). 


{Grinnell Company.) 


Exercises 


1 . ^\ ^ile formulas and names of the five oxides of nitrogen. 

2. \N rite formulas and names for the sodium and calcium salts of each of the 
above acids. 



Make a general statement concerning the relation of valence to the names 


of the acids and salts of the above elements. 


2. Uses of the Free Elements P, As, Sb, and Bi. Red phos¬ 
phorus is used oil safety match boxes; white phosphorus is used in 
incendiary and smokescreen bombs and in rat poisons. Arsenic is 
used to harden soft alloys, particularly lead shot; also in alloys that 
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expand upon solidification. This property is desirable in type metal 
to bring out the fine details of the mold. Antimony is used more often 
than arsenic for this purpose. Antimony is also used in antifriction 
alloys (bearing metal, babbit metal). Bismuth is used to prepare 
alloys of unusually low melting point for use in automatic fire-control 
devices. 

3. Uses of Compounds of P, As, Sb, Bi. Various calcium phos¬ 
phates are regularly used in large quantities in the preparation of 
commercial fertilizers. Phosphorus trisulfide, P4S3, is used in matches. 
It ignites almost as easily as phosphorus itself. Various arsenites and 
arsenates, Cu 3 (As 03 ) 2 , Ca 3 (As 04 ) 2 , are important insecticides. Arsenic 
trioxide is used in glass manufacture to reduce the green or brown 
tinge in glass due to the presence of impurities (iron) in the glass sand. 
Antimony trisulfide is used in matches and fireworks. Bismuth sub¬ 
nitrate, Bi 0 N 03 , is used as a medicine in certain stomach disorders. 
Numerous other arsenic, antimony, and bismuth compounds are used 
as drugs and medicines. 

4. Basic Salts of Bismuth and Antimony. When a solution 
of bismuth chloride is diluted with water, a while precipitate appears 
in the solution, owing to the reaction of water with the BiCb. 

BiCla + 2 H ,0 - Bi(OH) 3 Cl 1 + 2 HCI 

white 

preeipitati* 

BHOH):Cl -* H :0 + BiOCl j 

hisimith 

t>\yrhl()ri(le 


Compounds such as BitOIUiCl and BiO(’l are referred to as basic sails 
since they are salts that contain OH radical (as in a base) or 0 (as in a 
basic oxide) in their molecules. The first reaction above is a special 
type of hydrolysis reaction. Bismuth nitrate and antimony tri¬ 
chloride also undergo hydrolysis, forming BiONOs and SbO('l, 
respectively. 


Kxercises 

•1. Writo P(|u<iti()ns for llu* loniHitioii (A UiONO.^ and SbOCI hy hydrolysis. 

5. ^rhu presenci* of a coiiNidurahlt' ainouni of IICl in a BiCd.i solnlion }M‘r\rn1s 
the formation of liiOCI when wahT is achled. K\p!ain tills fact in 1«tiiis «.f iIm- 
charaoterlstios of cht'inical eepiilihrimn (\ ! 11. 

5. Sulfides of Arsenic, Anlinioiiv, and Bisiiiiith. I liese 
compounds are of interest in (piahtative analysis proct'dnres invoKitig 
tests for these eletnetits. Tin* trisulfides are. respeetiv(‘l>, yellow, 
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orange, and dark brown and are formed by passing HzS gas into solu¬ 
tions containing compounds of the elements. 

Exercise 

6 . Write (a) niolertilar. (6) full ionic, (c) simple ionic equations for the reaction 
of HjS with AsClj. with SbCb, and with Bi(N 03 ) 3 . 

6. Phosphorus. This element never occurs in nature in the free 
state; its compounds, however, are quite common. Tertiary calcium 
phospliate, CaalPO^j. occurs in the bones and teeth of animals and 
is an important component of bone black and bone ash. It also occurs 
in extensive natural deposits as phosphate rock. Proteins (compounds 
of C, H, 0, N, S, P) are present in foods and in muscle, nerve, and 
brain tissue. Phosphorus is produced commercially in the free state 
by heating phosphate rock, sand, Si02, and coke, C, to a high tempera¬ 
ture in a blast furnace or electric furnace. The free phosphorus dis¬ 
tills from the other materials and is collected under water. The 
reaction in the furnace is shown by the equation, 

2 Ca 3 (PO*)j + eSiOa + IOC GCaSiOa -1- 10CO -h P^ T 

Phosphorus occurs in two common allotropic forms. Red phos¬ 
phorus is nonpoisonous and will not catch fire in air unless heated. It 
is considerably less active than white or yellow phosphorus, which is 
a dangerous poison and is spontaneously flammable. Both forms of 
phosphorus burn in an excess of air, forming the pentoxide. Phos¬ 
phorus is used in matches because the heat and pressure caused by 
friction in striking the match convert some red phosphorus to the 
white form. This form begins to oxidize spontaneously, and the heat 
liberated in this reaction starts the oxidation of the phosphorus sulfide 
by the Pb02 or other oxidizing agent in the match head. The heat 
thus liberated then ignites the rest of the match. 

Exercises 

7. Which form of phosphorus is used in incendiary bombs and why? 

8 . Write equations for (a) the burning of phosphorus, (6) the reaction of 
phosphorus pentoxide with water, forming ri 3 P 04 . 

7. Ions from Phosphoric Acid. Phosphoric acid forms three 
different ions as indicated in the following equations: 

H 3 PO 4 ^ + H.POr 

Primary phosphate ion forms primary phosphate salts. 

HoPOr H+ + HPOr- 
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Secondary phosphate ion forms secondary phosphate salts. 


HPO— ^ H+ + PO4"-- 


Tertiary phospiiate ion forms tertiary phosphate salts. 

8. Salts of Phosphoric Acid. Three series of salts are formed. 
Primary phosphate contain the H2PO4 radical; secondary salts, the 
HPO4 radical; tertiary salts, the P04 radical. For example: 

NaH2P04 (primary sodium phosphate or monosodium phosphate) 
NajHPO* (secondary sodium phosphate or disodium phosphate) 

NasPO* (tertiary sodium phosphate or trisodium phosphate) 
Ca(H2P04)2, or CaH4(P04)2 (primary or monocalcium phosphate) 
o*" Cai(H?04)2 (secondary or dicalcium phosphate) 

Ca3(P04)2 (tertiary or tricalcium phosphate) 


Exercises 

9 . Write formulas and names for the three phosphates of (a) potassium, 
( 6 ) ammonium, (c) magnesium. 

10 . Write formulas and names for three sodium salts of arsenic acid. 

9. Tests for Phosphate Salts, The standard test for the phos¬ 
phate ion, PO4 , in solution is the formation of a yellow precipitate 
of ammonium phosphomolybdate when ammonium molybdate, (NH4)2- 
M0O4, is allowed to react \vith the phosphate salt solution. It is 
necessary that nitric acid be present in the mixture and that an excess 
of ammonium molybdate be used. The yellow precipitate forms 
slowly unless the solution is boiled. Solutions containing the arsenate 
ion, ASO4 , undergo a similar reaction except that boiling is necessary 
in order to form the yellow precipitate. Pliosphates also form a yellow 
precipitate with AgNOs solution. 

Na3P04 + SAgNOa ^ Ag3P04 1 + 3 NaNO, 


This precipitate is easily soluble in nitric acid: in fact, it will fail to 
form if the test is carried out in an acid solution, .\rsenates behave 
similarly, but the precipitate formed is chocolate brown in color. 


FKItTILIZEKS 


10. General. A fertilizer is generally rogard(‘d as any material 
that is added to the soil in order to increase plant growth. The value 
of animal manures as fertilizers has been known for centuries, but it is 


only within recent times (since 1860) tliat eliemieal or cornmenial 
fertilizers have been utilized. Commercial fertilizc'rs usually contain 
definite and guaranteed amounts of nitrogen, phosphorus, listed as 
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l^Os, and potassium, listed as potash, K2O. Other elements, e.g., 
boron, copper, and manganese, also stimulate plant growth and are 
included in certain brands of commercial fertilizers. Lime, CaO, is 
used as a direct fertilizer for wheat and other similar crops, and as an 
indirect fertilizer or soil amendment to improve the physical and 
chemical conditions of the soil (s<*e Sec. 11 ). 


Exercise 

11 . W ould it be advisable to apply bine with ammonium sulfate.^ Explain. 

Fertilizer plot tests are conducted by the stale experiment stations 
and by fertilizer manufacturers in ordertodetermine theexact fertilizer 
requirements of the various crops and soils. 

11. Classification of Fertilizers.^ 


I. Direct fertilizer 

A. Nitrogenous fertilizers 

1 . Organic 

a. Animal 

Dried blood, tankage, fish scrap, manures 
h. Vegetable 

Straw, muck, peat, covt'r crops, cot tonseed meal, etc. 

2. Inorganic (or mineral) 

Sodium nitrate, ammonium sulfate, calcium cyanarnide, etc. 

B. Pliosphate fertilizers 

1. Organic 

Farm manures, guano 

2. Inorganic 

Rock phosphate, supeiphosphate or acid phosphate, bones 

C. Potash fertilizers 

1 . Organic 

Tobacco waste, farm manures, kelp 

2. Inorganic 

Potassium chloride, potassium sulfate, wood ashes 

D. Calcium fertilizers 
1 . Inorganic 

Quicklime, hydrated lime, limestone, gypsum 

II. Indirect fertilizer or amendment 
A. Organic 

(Ireen cover crops, leaf mold, etc. 


' Hedgks 
Cbap. IX, D. 


and Bmwton. “Th(‘ Applications of Chen.isJry to Ai^ricnlture, 
Appleton-Cenlury Company. Inc., New York, 19 .^ 8 . 


Sec. 12| 


PHOSPHORUS, ARSENIC, ANTIMONY, BISMUTH 


165 


B. Iiiorgaiiic 

Calcium compounds (sec I, D) 

Salt, iron compounds 

12. Phosphate Fertilizers. In order to be useful as a fertilizer, 
a compound must be soluble in water. Insoluble compounds are not 
available, since only solutions can pass llirougli tlieroot walls of plants. 
Tertiary calcium phosphate, Ca 3 (P 04 ) 2 , occurs in huge quantities in 
natural deposits, but it is of little immediate value as a fertilizer 





Fifi. 2 . Influonro of niJrojrcn. phosphoni'i, and potassium in plant {jrowlh. 
Potash isiKMulcd to (ill out tho ratlisli (NP-); phosphorus (N-K) ami nitro-,M‘n (-PK) 
are ncodod for f()liag<* growth, {doiirlesy itf Anicn'ain hic.) 


because it is insolubh' in water. Sec'ondary (‘alcium phosphate, 
CaHP 04 , is somewhat more soluble, PrimaiN ealeiiim phosphate, 
CadloPO^')., is (|uite .soluble and so is readil\ available to plants as a 
iertilizer material. Larg** amounts of terliaiw calcium phosphate are 
converted to primary phosphatt* by reaction with sulfuric acid. 


Ca^tPOj, -{- 2 H,S 0 , -> Ca(H:PO,)2 + 2 CaSO, 


The resulting itiixture of tin* primarv phosphate and calcium sulfate 
IS know n as superphosphafe or supcrphosplmlc of Unie. Some secondarv 
and tertiary phosphatt* may also be present in llie mix(ur(\ 'Die 
tertiary calcium phosphate (I to 2 per cent) ser\ i*s to keep I Ih‘ mixture 
<iry and itt good mechanical c«uidiliott. It max also read with [)timary 
phosphate and produc(' s«*condar\ or ** r<*\(u h’d ’ [)hosphate. 
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13. Fertilizer Formulas. Commercial fertilizers are referred to 
as 4-8-4, 4-12-8, etc. These three numbers refer to the amounts of 
nitrogen, pliospliorus pentoxide, and potassium oxide present—always 
in the order N-P-K. Thus, a 4-8-4 analysis indicates 4 per cent N, 
8 per cent P 2 O 5 (not 8 per cent phosphorus), and 4 per cent K 2 O. 

It should be noted that since 1 molecule of Ca 3 (P 04)2 contains 2 
atoms of phosphorus, it is chemically equivalent to 1 molecule of P 2 O 6 , 
whicii also contains 2 atoms of phosphorus. This relationship is 
expressed as follows: 

1Ca3(P04)2o 2P oiPjOs 
310 g. 62 g. 142 g. 

Since 310 g. Ca 3 (P 04)2 contains enough phosphorus to form 142 g. 
P2O5, it is eviderit that the percentage of P2O5 in Ca 3 (P 04)2 is 

^^Hio X 100 = 45.8% P 2 O 5 

By a similar method it can be sho^vn that 

lCaHP04 o IP o HPiOs 
136 g. .31 g. 71 g. 

so that the percentage of P 2 O 5 in CaHPO^ is 

■^^36 X 100 = 52.2% P 2 O 5 

Exercises 

12. Calculate the percentage of PjOs in pure (a) Ca(H 2 pO() 2 . (6) NajHPO*. 
(c) KNH,HPO„ (d) Mg 3 (P 04 ) 2 . 

13. A fertilizer analysis is given as 8 per cent P 2 O 6 . What is the actual per¬ 
centage of phosphorus? 

14. A fertilizer consists of 20 per cent tertiary calcium phosphate, 15 per cent 
primary calcium phosphate, and the remainder inert filler. Calculate (a) the total 
phosphorus content and ( 6 ) the available phosphorus content. ExpreSvS the results 
as percentage of P 2 O 5 . 

15. Calculate the NPK percentage analysis of a fertilizer composed of the 
following mixture: 


300 lb. sodium nitrate. 15% N 

350 lb. dried blood. 10% N 

1,000 lb. superphosphate. 16% P 2 O 5 

210 lb. sulfate of potash. 50% K 2 O 

110 Ih. filler 

2,000 lb. total weight 


Note: Calculate (1) the total number of pounds of N in the mixture; thus, 

300 lb. X > Moo = 45 lb. N 
350 lb. X = *33 lb. N 

Total. 80 lb. N 
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(2) the total percent of N in 2,000 lb., thus, 

^ X 100 = 1% N 

In a similar manner, calculate the percentage of PaOs and of KjO. 

14. Insecticides (Inorganic). By inspection of Table II it will 
be noted that the oxides, the acids, and the salts of arsenic are similar 

to those of phosphorus. For review, these compounds are again listed 
below. Name each compound. 

AsoOs HsAsOa Ca3(As03)2 

As.Os H.AsO* Ca,(As 04)2 

Arsenic compounds are used extensively in the preparation of 

insecticides because they are very poisonous to insects. White arsenic, 

AS 2 O 3 , arsenate of lime, CaaCAsO^o; and arsenate of lead, Pb 3 {As 04 ) 2 , 
are common preparations. Nearly 70,000,000 lb. of the arsenates of 
lime and of lead are used annually in tlie United States, particularly 
in the cotton areas of the South as a control for the cotton weevil. 
Paris green is a complex material containing copper acetate with vary¬ 
ing percentages of AS 2 O 3 . Other well-known inorganic insecticides 
are calcium fluoride, calcium oxide, sulfur, and Bordeaux mirlure, 
CUSO 4 and Ca(OH) 2 . 


SUGGKSTED READING 

Killefer, What’s New in Phospliorus.^ hul. ICtuj. ('.hem.. .TO, 967 {19T8). 
Easterw{)od, Recent Developments in the Phospliale Field, Itut. Iinq Chem U 
13 (1912). 



CHAPTER XXI 


CARBON AND ITS OXIDES. FUELS 

Carbon is a constituent element in all plant and animal materials, 
as well as in coal and petroleum. Alcohol, ether, gasoline, sugar, 

starch, and many other important materials 
also contain carbon. It is, therefore, an ex- 
i; O tremely important element. 

1 . Natural and Prepared Forms of Car¬ 
bon. Diamond and graphite are natural allo- 
iropic forms of carbon. Each form has a 
definite arrangement of carbon atoms to which 
the properties of these materials are definitely 
related. Synthetic diamonds have been pro¬ 
duced but not on a practical scale. 

Charcoal, coke, lampblack, carbon black, 
and graphite are forms of carbon, commonly 
produced by industrial methods, and contain 
impurities. Bone black contains carbon and 
a large proportion of calcium phosphate. 

Some of the uses of these various forms of 
carbon are common knowledge. Considerable 
(|uantities of black diamonds are used on drill 
points, and diamond dust is regularly used as 
the abrasive when very hard materials are to be 
ground or drilled. Diamonds are harder than 
any synthetic abrasive. Finely powdered an¬ 
thracite coal is being used in considerable quan¬ 
tifies as a filtering medium to replace sand 
filters in water purification plants. Specially 
prepared forms of charcoal are of importance in 
rernoring the brown color from raw sugar and 
in decolorizing or deodorizing water and numer¬ 
ous other materials. The charcoal has the 
properly of adsorhinf/ the colored or odoriferous material. This same 
propel I y allows the use of charcoal in gas-mask canisters since the 
carbon adsorbs lh(‘ poisonous gases and makes the air safe for respira- 

i68 



Fio. 1. Aefivalett 
carhori wiilcr-eoiuli- 
lioiKT. {The Terniutit 

('.oiniMiny.) 


Sec. 3] 


CARBON AND ITS OXIDES. FUELS 


169 


lion. Carbon black is used in considerable (|uantities in rubber aiilo- 
mobile tires and greatly increases tlieir life. It is also used in making 
the special inks used on high-speed printing presses. Carbon black 
is made by allowing a fan-shaped luminous natural gas Hame to im¬ 
pinge upon a moving steel plate. 'I'he carbon black thus deposited 
is removed by a scraper and automatically collected. 

Kxcrcise 

1. Name two olhor olomoiUs oxislinj; in allolro|)ir fcM ins, 

2. Electric Furnace Products Containing Carbon. Electric 
furnaces used in carrying on chemical reactions are of two types: 
(a) the arc type, {b) the resistance type. In both, the sole function of 
the electricity is to produce a sufTiciently higli temperature for the 
desired reaction. In the resistance type of furnace, the high tempera¬ 
ture is produced by passing such a heavy current through carbon that 
the carbon becomes incandescent. The necessary materials an* either 
mixed with the carbon or placed adjacent to it so tliat tliey also become 
hot. In the arc-type furnace, the reacting materials are merely 
brought near or actually into the arc and are thus healed to approxi¬ 
mately 3000°C. 

Calcium carbide, CaC>, is an example of a substance prepared on a 
large scale in an arc-type electric furnace according to the following 
equation: 

CaO + 3C CaC. + CO 

This substanee, when allowed to rea('l with water, forms acelNkiie, 
CjHq, a gaseous fuel used in the oxyacelylene wedding torch. 

Carborundum or silicon carbide, SiC, an abrasive, is an example 
of a substance prepared in a resistance-type* furnaee (WIV. 8). 

SiO, + 3C SiC -F 2CO 

3. Carbonic Acid, Carbonates, and Hicarbonates, ('arbe)n 
dioxide is the acid anhydride of carbe)nic ae-id, whie-h is eletinil<‘ly 
unstable, and is a we*ak acid which fe)rms two serie's e)f salts: the* ne)rmal 
carbonates characterize*d by the COs (valence* of 2) raelical anel the 
bicarbonates bv the IICO^ fvale*ne*e e)f 1) raelie'al. 


H,0 -I- CO, H,CO.. 


H - + HCOr H' + CO, 


KxtTi'ises 

2. Give ttu‘ naiiU’S and fortmilas of llii»*r oIIum' oxides dial an‘ acid ardixdritli's. 
Write eeiualions siniilar to that alio\c sliowinjr the foriiialion and llic ioni/atlon of 
the corresponding acids. 
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3. By the use of long and short arrows indicate which of the acids above are 
weak and which are strong (IX. 12). 

1 . Stale the elfeet of (n) heat and ( 6 ) increase in pressure in the reaction of COa 
with water. 

5. \\ rite formulas for normal ammonium carbonate, ammonium bicarbonate, 
magnesium carbonate, ferrous carbonate, ferrous bicarbonate. 

Tlie most common and useful carbonates are as follows: 

Na^COrlOII.O. . . Wasliing soda 1 Normal sodium carbonate used in 

Na.COj. Soda ash |and ‘^e manu- 

) facture of glass 

NallCOj. Baking soda or sodium bicarbonate 

CaCOs. Lime.stone, calcite, or calcium carbonate 

Ca ( 11003)2 . Calcium bicarbonate, present in most ground 

waters 

4. Carbon Dioxide. Carbon dioxide occurs in a small but essen¬ 
tial proporlion in the atmosphere. It is also present in all natural 
waters and in some natural and volcanic gases. 

Carbon dioxide is formed by combustion, decay, respiration, or 
fermentation, by the reducing action of CO or C on an oxide, or by the 
decomposition of carbonates by heat or by means of acids. In 
order to produce carbon dioxide by combustion or decay, an excess of 
oxygen (air) must be present. 

Compounds of C, H, 0 generally burn to CO 2 and H 2 O during 
combustion in sufficient air or oxygen. Any carbon compound pro¬ 
duces CO 2 when it decays in an atmosphere of air or oxygen. During 

ordinary fermentation, sugar or starch is converted into alcohol and 
carbon dioxide. 

All carbonates and bicarbonates (except sodium and potassium 
carbonates) decompose upon heating. Bicarbonates produce normal 
carbonates, water, and carbon dioxide. Carbonates produce a metallic 
oxide and carbon dioxide. All carbonates are decomposed by acids 
producing carbonic acid which is unstable. 

CaCOs + 2HCI H 2 CO 3 + CaCh 

H 2 CO 3 H 2 O + CO.f 

Exercises 

6 . \\ rite the equation for the fonnatioii of CO 2 from (a) C, (b) CO, (c) C 12 H 32 O 11 
(sugar) hy combustion. 

I. \\ rite etiualions for the effect of heat upon (a) calcium carbonate, (6) magne¬ 
sium carbonate, (r) copper carbonate, ((f) sodium bicarbonate, (e) calcium 
bicarbonate. 

8. \\ rite equations for the de<‘omposition. Ijy acids, of (be carbonates listed in 
Exer<’ise t. Use a different acid for each carbonate. 
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5. Physical Properties of Carbon Dioxi.le. Carbon dioxide is 
somewhat unusual in that upon cooling at ordinary pressure it changes 
directly to the solid state. Solid CO, is called dry ice. Liquid COo 
exists only under considerable pressure. Solid CO, is in equilibrium 
with CO, vapor at atmospheric pressure at -78°C., and this is the 
lowest temperature attained in ordinary dry-ice refrigeration. It is a 
colorless, odorless gas. 


Exercises 

9. Calculate the density of CO^ relative to (a) air, (ft) CO, (c) Os, (d) Nj, 

(e) Hj. 

10. State the color, taste, and sohihility of CO 2 (from experiments). 

11. Explain why soda water and other earhonated liquids foam or effervesce 
when freshly drawn. (Consider tlie effetd of change of pressure.) 

6. Chemical Properties of Carbon Dioxide. Carbon dioxide 
is exceptionally stable toward heat, and yields its oxygen to other 
substances only in unusual cases and at Itigli temperatures. Carbon 
dioxide does not support combustion under all ordinary conditions. 


Exercises 

12. Write equations for the reactions of (o) hot carhon with CO.. This reac¬ 

tion produces CO and occurs in the interior of a bed of hiirnirig coke, (ft) Ct^. 
with water to form carbonic acid (see Sec. .3). (c) CO-, with Ca(OH) 2 . A milky 

precipitate of calcium carbonate is formed. This reaction is commonly used as a 
test for CO,. CO. reacts with other bases in a similar manner. 

13. Write equations for the reaction of CO. with («) KOll. to form KHCO3; 
(ft) KOH to fornj K 2 CO 3 ; (c, d) NaOH (2 equations), (e) Ca(()II )2 to form 
CaCHCOs);. 

Probably the most important chemical property of ('(), is its reac¬ 
tion with water in pholosynlliesis in plants (Will. 2). 

6CO. + 5 H 2 O -> (C.H|„0,), + 6 O 2 

starrh <»r 
f'ellulose 

7. Physiological Effects of ('arhoii Dio\i<lo. It is added in 
small amounts to the oxygen iisc'd in hospitals as an aid to respiration. 
The CO, seems to exert a stimulating effect on the nerve cenlcMs in the 
brain, controlling respiration, (las containing a large proportion of 
CO, is not satisfactory for n‘spiration even if the oxygen content is 
high, because tlic carbon dioxide deranges the action of the nerve 
centers, referred to above. 

8. Uses of Carbon l)ioxi<le an<l Properties upon \\ hicb 'I'hose 
Uses Depend. (Tlie reader is to summarize these in Ivxercises, 11, 15.) 
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Exercises 

1 L li;U properties of solid CO 2 make it useful as a refrigerant? 
l.>. What properties of COj make it useful (a) in baking, (6) in beverages, 
(r) in fire extinguishers, (d) as an aid to respiration, (e) in photosynthesis? 


9. Carbon Monoxide, CO. This gas is formed in motors and fur¬ 
naces when a limited supply of oxygen is present or when combustion 
is incomplete. Carbon monoxide is formed from carbon dioxide and 
carbon in I lie interior of a bed of burning coal or coke. 


Exercise 


16. rite the equation for the reaction just mentioned. What becomes of the 
Co tluis formed in a properly 0 |)erating stove or furnace? What is the source of 
the CO^.^ \\ rite equations for these two reactions. 

10. Physiological Effects of Carbon Monoxide. Carbon mon¬ 
oxide is extremely poisonous (toxic) even when inhaled in small 
quantities. Its high toxicity is due to the fact that it combines with 
the hemoglobin of the blood, thus preventing the latter substance from 
performing its normal function of carrung oxygen to all parts of the 
body. As carbon monoxide possesses no color or odor, there are no 
warning signs to indicate its presence. A concentration of 1 part of 
CO in 800 parts of air may cause death within about 30 minutes. Leak¬ 
ing gas pipes or open gas cocks, leaking furnace smoke pipes, improper 
firing of coal stoves and furnaces, and exhaust gases from automobiles 
are common source's of carbon monoxide. An automobile engine run¬ 
ning in a closed garage may produce sufTicient carbon monoxide in 5 to 
10 minutes to render a person uiu'onscioiis. The doors of a garage 


should always be opi'iied before the engine of an automobile is started. 
The auloiiiobih* should b(‘ driven out of the garage as soon as possible 
so that ll ir poisonous exhaust gases may be diffused into the open air. 

In firing a furnace or stove, the drafts should be regulated so that 
there is always a visible flame above tlie fuel bed. Carbon monoxide 
burns witli a characteristic blue flame which is especially noticeable 
with hard coal. The luminous flames accompanying the combustion 
of soft coal are due to tlie liot carbon from the decomposition of 
livdrocaihons. 


II. Laboratory Preparation of Carbon Monoxide, Small 
samples of earboti monoxi(l<‘ may be conviMiienlly prepared by allowing 
rormie acid to drop sIoul\ into a flask containing concentrated sulfuric 
acid. wlii<-h a<-ts as a dfdiydrating agent. Tlie flask should be fitted 
with a dropping runnel and delivers tub(‘ so tliat the carbon monoxide 
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may be collccled in a jar by waler displaeemeiiL 
follows: 


The reaelion is as 


HCOOH + H 2 SO 4 -V CO 4- H.SOrHoO 

fornnr m u\ livHrnto 

Sodium formate may als(» be used: 

HCOONa + H.SO* — NaHSO^ + HCOOH 
HCOOH + H2SO, CO + H2SO4 H2O 


12 . Carbon aiul Carbon Monoxide as Ko<liiein 
Metallurgy. The oxide of zine or of any less aelive 


g Agents in 
metal ran be 


reduced to the free metal by action of C or CO at a siifTiciently liigh 
temperature. If carbon is used, eitlier CO 2 or CO may be formed, 
depending chiefly upon the temperature used. These reaetions are of 
great industrial importance since tlie common metals, iron and zinc, 
are obtained commercially from their ores by this method 


Table I 

Cl.ASSIFICATION <»F FuELS* 


Ptiysical 

state 

1 

Natural or 
primary fm-ls 

Prepart'd <ir sej-omlary fuels 

Solid 

Wood 

Chan-oal 


IVul 

Hri(|uett(*s 


Li^uiite 

Coke 


1 Coal 

' 1 

j Petroleum <ok(; 

Liquid 

Crude ])etroleum 

1 

, 1 ar 

IVtroleum dislillat<*s 



Gasoline 

Kerosene 



Gas oils 



Pet r«)leuiii residues 

Fu<*l oils 

Alcohol 

Colloidal fuels 

Gaseous 

1 

Natural gas 

1 

Ci)al gas 

Producer gas 

W al4*r gas 

\li\ed water gas 

Carhur«'t<‘d (eririelied I watrr gas 

lllasi-furnace gas 

A<et\lene 

* 


* LBiGliotr, “C'lioniintry of MiiliTiiils. 

Now York. 11>42. 


% • 


]). .11. .Mr<>rjiw-MiU ^ . Iik .. 
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Exercise 

17. Write equations for the reaction of each of the following oxides with C and 
with CO: (a) Fe.O^, ( 6 ) CuO, (c) Sb^Oa, (d) HgO, (e) ZnO. 

13. Fuels. Any substance used to produce heat or power by 
combustion may be regarded as a fuel. 

14. Charcoal and Coke. Charcoal is made by heating wood at 
a high temperature in the absence of air. Coke is made from bitumi¬ 
nous coal by a similar process. In this process, the volatile matter in 
the wood or coal is driven off by the heat, leaving a solid residue which 
consists largely of fixed carbon and ash as indicated in Table II. 


T.\ble II* 


1 

Water, % 

Volatile 
combusti¬ 
ble, % 

Fixed 
carbon, % 

Sulfur, % 

Ash, % 

Coal, hituminoiis. . .. 
Coke. 

1.50 

• • • • 

25. 10 
0.73 

64.25 

90.49 

1 

1 

0.87 

0.78 

5.85 

8.78 


* LEiuHor. ‘Chemistry of Kngiueering Materials.” p. 44 McGraw-Hill Book Company. Inc., 
New York, 1942. 


Previous to 1910, most of the coke was produced in beehive coke 
ovens from which the valuable volatile matter was allowed to escape 
into the air and was lost. In 1937, about 95 per cent of the coke 
was produced in by-product coke ovens, in which the volatile matter 
(gas, tar, and ammonia) is saved and converted into useful products. 

15. Producer Gas. Producer gas is made by blowing a mixture 
of air and steam through coal or coke in a special unit known as a gas 
producer. The reactions that take place in the gas producer are the 
I'ollowiiig: 

C + O 2 —♦ CO 2 (exothermic) 

C + CO 3 —* 2CO {endothermic) 

C + H .O —* CO + H 2 (endothermic) 

steam 


The nitrogen of the air lliat is retained in the resulting mixture reduces 
the heating value ol producer gas. The chief components are 


CO. 

H2. 

N2. 

CO2, etc 


22 per cent 
10 per cent 
58 per cent 
10 per cent 
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16. Water Gas. Water gas is made by passing steam through 
hot coke or anthraate coal. In the actual operation, air is blown 
through the hot carbon until the temperature reaches a high point. 

cFeedinq hopper 



Gas 
off-toil 


Disflllafion 
zone 

f^eduction 
zone 

■■■ Combustion 
zone 

■^Sh 


Fig. 2. Cross section of a jjas producer. {Lviijhon, "Chemislry of IimjimrritKj 

Materials," Mcdrau'-llill Hook donipony, Inc., 1931.) 

The air supply is tlieii cut olT and steam is passi'd ihrougli the Iiot 
carbon. The reaction of steam with carbon is as follows: 

H,0 + C CO + H, 

Since this latter reaction is endothermic, the carbon cools and air must 
again be admitted. Tiie air and steam treatments are carried on 
intermittently. Since water gas is composed largely of carbon monox¬ 
ide and hydrogen, both of which are combustible gases, this fuel has ii 
relatively high heating value, ilydi ’ocarbon compounds are usually 
added to enrich the gas, i.e., increase the heating value, 'fhe jiroduct 
is called carbureted ivafer gas. 

It is to be noted that, in the manufacture of producer gas, the prod- 
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ucls of the air and the steam reactions with carbon are all collected in 
the gas liolder. This explains the high percentage (58 per cent) of 
nitrogen and tlie low heating value of producer gas. In the manufac¬ 
ture of water gas, only the carbon monoxide and hydrogen are collected 
in the gas holder, thus accounting for the higher heating value of the 
water gas. 

The heating value of a fuel is expressed in British thermal units. 
The British thermal unit (B.t.u.) is the quantity of heat required to 
raise tlie temperature of 1 lb, of water, 1®F. (usually 39 to 40°F.). 
Average heating values are as follows: 


Producer gas. 130 B.t.u. per cubic foot 

Water gas. 300 B.t.u. per cubic foot 


Exercises 

18. Calculate the weight of fixed carbon in 1 ton of (a) bituminous coal, (6) coke 
(from Table II). 

19. It is desired to heat TO lb. water per hour from 45 to 95®F. What volume 
of water gas must be burned per hour, assuming that 20 per cent of the heat is lost 
in various ways.*' 

20. What volume of air (20 per cent Oj) is used to burn completely 1,000 cu. ft. 
of producer gas containing 20 per cent CO and 10 per cent Hj. the remainder of the 
gas being noncombustible (Sec. 1(Use A-vogadro’s principle, XIII, 3 and 5.) 

SUGGESTED RE.ADING 

Quiivn, Carbon Dioxide and Life, ./. Chem. Ediicaiion, 7, 151 (1930); Carbon Diox¬ 
ide, Its Industrial Application. J. Chem, Education, 7, 403 (1930); Carbon 
Dioxide. Its Commercial Manufacture. J. Chem. Education, 7, 637 (1930). 
Killekeii, The Industry of Solid Carbon Dioxide, J. Chem. Educalion, 19, 482 
(1942). 




CHAPTER XXII 

HYDROCARBONS, PLASTICS 


Gasoline, fuel oils and jjases, and lubriealinj' (»ils are llie inosl 
important industrial malerials composed of carbon and hydrogen 
(hydrocarbons). A complete study of hydrocarbons would requin* 
considerable time. Because of their practical importance, however, 
it seems desirable to consider briefly this important group of carbon 
compounds. 

1. Definition and Examples. A hydrocarbon is a compound 
containing only carbon and hydrogen. Natural gas is a mixture of 
several hydrocarbons. Petroleum is a very complex mixture contain¬ 
ing many hydrocarbons, as well as some compounds of oxygen, sulfur, 
and other elements. Gasoline, kerosene, fuel oil, lubricating oil, 
vaseline, and paraffin are mixtures of liydrocarbons. Natural rubber, 
(CsHa),, turpentine, CioHu, naphthalene, CioIL, and acetylene, CoH*, 


are hydrocarbons. 

2. Names and Formulas of Typical Hydrocarbons. Tliou- 
sands of different hydrocarbons are already known, and chemists can 
synthesize many more if it becomes dt'sirable or interesting to do so. 
Hydrocarbons are classified into various series. In the left-liand 
column of Table I, four important series are named. Opposite each 
are indicated pertinent facts concerning the members of eacli series. 
There are many members in each series, but it is important to observe 
that there are definite relationships for the number of carbon and 
hydrogen atoms as sliown by tlie (jeneral formulas for the various series. 
The general formula, C„H>n+>, indicates that every member of the 
paraffin series has two more than twice as many liydrogen atoms as 
carbon atoms perrnolecule. (n eipials tlie number ol atoms of carbon.) 


Kxerfise 

1. Write an empirical formula for th,‘ hydrocarbon of cai'h of the four series in 
Table I that contain (a) 7 carbon atoms, (h) 10 carbon atoms. 

3. Valence of Carbon in Hydrocarbons. Slriicliiral Forinu- 
las. The valence of carbon is almost unitormly 1. llu* ordinary 
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schemes for finding valence from formulas do not give this result when 
applied to the formulas of hydrocarbons because carbon atoms are 
unusual in that they use some of their valences for combination with 
other carbon atoms. For instance, in C 2 H 2 it would appear that C has 


Table I 

Some Commom Hydrocarbons 


Names of 
series 

Names and 
formulas of 
typical 
members 

Structural 

formulas 

Types of 
bonds 

Properties 

Methane or 
paraffin 
series 

Methane, CH 4 
Ethane, C 2 H .5 
Propane, Calls 
(ieneral foj mula, : 
CnHjw + S 

H 

H—i—H 

Ir 

All single 
bonds 

Saturated. 
Inert at ordi- 
n a r y t e ni- 
perature 

H t h y ! e n e 
or olefin 
series 

Ethylene, C;H 4 
Propylene, CaHo 
General formula. 

H H 

A 

One double 
bond 

Unsaturated. 
Combine 
with H 2 , CI 2 , 
Brs, etc. 

\ c e t y 1 e n e 
series 

.\cetylene, C 2 H 2 
Genera! formula. 

X 

' I 

0 

111 

0 

1 

X 

One triple 
bond 

Unsaturated 

Henzene or 
uroinatic 
series 

Benzene, CnHe 
Toluene, C 7 H 3 
Xylene. C,Hto 
(Jeneral fortimla, 

1 

1 

1 1 

H 

H-C'^ II 

'1 i 

H-C C—11 

\ 

N 

c 

][ 

Three double 
b 0 n (1 .s i n 
benzene 
ring 

V 

Unsaturated 


w 

a valence of 1. Actually the valence of C is 4, because 3 of the 1 
^ alences of (ach carbon atom are used for combination with the other 
earbon atom. Tliis makes use of 6 of the 8 valences possessed by the 
2 < arbon atoms, leaving 2 valences for combination witli other elements. 
The valence relationships in hydrocarbons and other carbon com- 

means of slrucfural or f/raphic formulas. Thus, 
the structural formula for CU^ is written: 
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H- C- H 

I 

H 

This type of formula shows uot only the number and kind of atoms in 
the molecule but also how these atoms are combined and arranged. 
Structural formulas for other hydrocarbons are given in Table I. 
Tlie lines joining atoms are called valence bonds. The valence of an 
atom must be the same as tlie number of its valence bonds. Note in 
Table I that every C atom lias four oonds, every H atom only one 
bond. It is particularly to be observed that each series of hydro¬ 
carbons has structural formulas with a distinct characteristic, such as 
absence of double or triple bonds in the methane series, presence of a 
double bond in the olefin series, etc. 

The ^ alence bonds so commonly used in organic chemistry are 
empirical forms for representing the relationships of the carbon and 
hydrogen atoms in the hydrocarbon molecule. We know that carbon 
has 4 valence electrons and that hydrogen has 1 valence electron. 
The structural formulas shown in the preceding sections may be 
explained by considering the possible arrangements of tlie electrons in 
the molecules of the various hydrocarbons. A detailed study of this 
field is beyond the scope of this book. 

4. Saturated and Unsaturate<l Hydrocarbons. All the mem¬ 
bers of the olefin (C,.H 2 n) series are referred to as nnsalnraled hydro¬ 
carbons because they will readily undergo direct addition with many 
other substances, particularly the elements lb, Ch, and Bra. For 
instance, 


CjHi -|- Brj —* C2H4Br2 (etli>l»*iio dihrotiiide) 

CsHe -h H. — CaH, 

The acetylene and benzene series of hydrocarbons are also referred 
to as unsaturated hydrocarbons. Hydrocarbons of the methane series 
are referred to as saluraled, because they fail to undergo the above 
type of reaction. They are almost entirely inert at room temperature. 

5. Isomers and Isomerism. The structural formula for the 
hydrocarbon, propane, Calls, is easily represented as 

H H H 

I I 4 

H-C-C-C-H 

I I I 

H H H 
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but when one attempts to write the formula for butane, C 4 H 10 , an 
interesting problem is involved. Two entirely different ways of arrang¬ 
ing the atoms are possible: 


H H H H 

I t I 1 

H-C-C-C-C-H and 

I I I I 

H H H H 

normal butane 


H 

I 

H- C- H 

I 

H-C-C-C-H 

/I I I \ 

H H H H H 
isobutane 


Whicli of the above formulas is the correct one? The answer is that 
both formulas are correct since two different hydrocarbons having the 
formula, C 4 H 10 , are known. These are known as isomers. The 
phenomenon of structural isomerism is very common and, in the many 
cases investigated, the number of isomers actually known corresponds 
exactly with the number of structural formulas possible. 

6 . Uses of Important Hydrocarbons. Methane, ethylene, 
acetylene, and benzene are all produced and used on a large scale. 
Their sources and uses are indicated in Table II. 


Table II 

Sources and Uses of Hydrocarbons 


1 

llvdrocarbon ' 

Sources 

Uses 

Methane 

I.ahoratory—soda lime and so¬ 
dium acetate 

Industrial—natural gas 

Fuel 

Source of carbon black 

1 

Ethylene 

Cracking of petroleum products 
Decomposition of ethyl alcohol 
by a catalyst (.M-jOa) 

Ripens fruits 

Source of ethyl alcohol, ethylene 
glycol or Prestone, antifreeze, 
and other chemicals 

Acetylene 

• 

Calcium carbide and water 

Oxyacetylene torch 
.Manufacture of rayon, etc. 

lh*n/ene 

Coal tar 

k 

Dyes and drugs 


Kxorrises 

\\ rllo oqiuilions for tli(* folluwiuK ifsu’lions: 


rqu<nuiii> inr UM* loiiuwlug rfsu’iious: 

{«) Sodium accluto. with soda lime (NaOII, and Ca(OH) 2 )- 

(1 SI'only NjiOII.) (CHiand Na^CO:! are formed.) 

(/>) Cideium carbide, CaC-j, with water. [CilU and CatOH): are formed.1 
I). Show how to calculate the volume of acetylene ga.s measured at 22*C. and 
*4S inm., produced by the reaction of 100 g. calcium carbide with water. 






Sec. 7] 


HYDROCARBONS, PLASTICS 


181 


7. Combustion of Hydrocarbons. Combustion is llieir out¬ 
standing chemical property. With sufficient oxygen or air and proper 
mixing, all hydrocarbons burn with evolution of lieat to form CO 2 and 
H 2 O. This is called complete combuslion. For example, 

CHt + 20, -> CO, + 2H,0 

With an insufficient amount of oxygen, CO and PCO, C and H 2 O, 
and other products may be formed. This is <‘all(‘d incomplete cnmhns- 
lion. For example, 


2 CH 4 + 30, 2C0 -1- 4H,0 

It is possible to calculate the volume of oxygen and of air used and 
the volume of residual carbon dioxide and nitrogen in the Hue gases in 


Fig. 1. 


Mixing Chomber 

(EiporttioA oiiur«> 
thorough muling of oxy* 
Q«A ond 





Oxygen Possoge 

Acetylene Passoges Oxygen Velve 
Oxygen Pouoge 



Oxygen Hoee 
Connedion 


I 

Acetylene Ponoge 






Acetylene Hose 
^ Connection 

Acetylene Volvo 


Injectnr Noizle 

(OsygiA, pnir>Q (hrou^ 

VTvod erifict vnd*r 
fvrt. ertotts o iu<Iioa 
thul dfowt in proptr 
omouni ol 

Oxyacetylene welding torcli (cross section). (The Liude Air I^ruducfs 

Cunipatiy.) 


the combustion of complex mixtures of gases, e.g., carbureted water 
gas. The combustion equations are written and the relative volumes 
of gases involved are calculated by the use of Avogadro’s principle 
(XIII, 3 and 5). The following example is solved as an illustration, 
the careful study of which will enable the student to work out other 
similar examples (Exercise t). 

Example. A carbureted wal«‘r gas has tlie following coini)osition: 11 per ctuit 
CIb; 12 per cent C lb; 31 per cent CO; 2 per cent CO,; 36 per cent 1!,; 2 per cent 

N,. 

Calculate (a) the total volume of oxygon required to burn comjdetelY 100 <-u. ft. 
of this gas, (6) the total volume of air reciuired, (r) the total volume of carbf)n 
dioxide formed by the combustion, (</) the total volume of residual <’iirboii dioxide 
in the flue gases, (e) the- total volume of residual nitrogen in th(“ fliw* gases. 
(Assume that air contains 20 j)er cent O, and 80 jht c»Hit N, and that all gases are 
at the same temperature and pressure.) 

Solution: From the percenti>ge compositJon, it follows that 1(K> cu. fl. of the 
fuel gas contain the equivalent of tin* following j)ure o<unhustihl(“ gases: 
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11‘'‘-fl. CH4 

. C2H4 

3 tcu. ft. CO 

36 on. ft. Ha 



Fir,. 2 . Apparatus for gas analy.sis. 
Tor the ooinbiislion roaotions, we have the 


{Burrell Technical Supply Company.) 
following equations: 


CH 4 + 

2 O 3 

1 mole 

2 moles 

1 vol. 

2 vol. 

14 cu. ft. 

28 cu. ft. 

C 2 H 4 + 

30. 

12 cu. ft. 

36 cu. ft. 

2C0 + 

O 3 

31 cu. ft. 

17 cu. ft. 

2 Hs + 

0 . 

36 cu. ft. 

18 cu. ft. 


-> COa + 2HaO 
1 mole 
1 vol. 

14 cu. ft. 

2COa + 2 HaO 
24 cu. ft. 

2CO2 

34 oil. ft. 

-» 2HaO 


a. Total volume 0. required, 28 + 36 + 17 + 18 = 99 cu. ft. O 2 . 

b. Total volume air reipiired, 99 cu. ft. O 2 X 10920 = 495 cu. ft. air. 

c Total volume 00, formed. 14 + 24 + 34 = 72 cu. ft. CO 2 . 

''olume residual CO. in flue gases. 14 + 24 + 34 + 2 = 74 cu. ft. CO 2 . 
(The 2 cu. ft. of CO-j was in the original gas.) 

e. Total volume residual N, in flue ga.ses. (SO.^qo X total volume air used) 

+ (- cu. ft. i\., in the original gas) = {^%oo X 495) + 2 cu. ft. = 398 cu. ft. Nj. 
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K 


xorcisc 


L A sample of natural gas has the following composition: tti pn- cent Clli- 
12 i>er cent Calls; 4 |H'r cent 

For the coinbuslion of 100 r». ft. of this k«s, cahuh.te («) llio lolal volume of 
oxygen required, (6) the total volunie of air required, (c) tlie total volume of 
carbon dioxide formed, (d) the total volume of residual nitrogen in the hue gases 
(e) Compare the total volume of gas plus air admitted to the burner, with the total 
volume of carbon dioxide, nitrogen, and steam in the due gases. Exphun the 
reason for the dilTerence in thest^ total volumes. (Note the relative volumes in the 
combustion equations.) A.s.sume that all gases are at the same pressure and lem- 
pt'ralure and that the latter is above the boiling point of water. 

8 . Cracking of hydrocarbons is anotluM’ important propt'rly. 
Heat in tlie absence of tiir or oxygem causes hydrocarbons to undergo 
cracking or decomposition. For example, 


Ci2H2i 


C4H12 d" C7H14 


or other products, depending upon operating conditions. 

Such cracking usually involves tlie decomposilion of a large mole¬ 
cule into several smaller molecules. It is of great importance in con¬ 
verting kerosene and heavier petroleum fraetions into gasoline. 

9. The destructive distillation of coal produces large supplie-s 
of aromatic and other hydrocarbons as well as other prodiiels, as sum¬ 
marized below. 


Hituminoiis coal healed 
ill absence of air 


Aininoiiia 

('oal gas Benzene and loluene are “M-ruhlMMr’ out of gas 
('..'iitains C'lli and as mai.'i 4'om[)onents 
(after i>m'ilieation) 

Coal tar - A iehls phenol and many other eompouiids. 

Source of (l\<*s 
% 

Coke —t Ued as a fuel 


10. Petroleum Refining. TIk* hisl step in Ihe refining of pelro- 
leurn \s fractional dislillufion. By lliis means the petroleum is dividi^d 
into a number ol' fractions depending upon the boiling points. The 
more important of Ihese products are shown in Table 111. 

Petroleum is such a eomplii-tiled mixlure that (he fniclioiud dis¬ 
tillation process makes no attempt to separate individual hydrociir- 
bons. Each of the above fractions contains manv livdrocarbons, but 
all the hydrocarbons in any one fraction have definite rangt's in the 
boiling point. 

11. Motor Fuels. Tlie demand for gasoline is so gi(‘al lliat it is 
common practice to use a large portion of fraetions ('id to ('io {S(‘(*. 
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10) in the cracking process. Cracking involves heating certain hydro¬ 
carbons at a high temperature and at a suitable pressure, producing 
hydrocarbons of lower molecular weight. Processes have been devel¬ 
oped recently for making polymer gasoline from the gas. The gasoline 
produced by cracking and by the polymer process is generally superior 
to that produced by fractional distillation. Modern motor fuel is a 
mixture of tin* above types of gasoline. 


T\bi,e nr 

SoMi-: Pktiuh.ki'm Products 


Fraeti(ui 

Approxiiiiale nuin- 
her of carbon atoms 

Ust's 

1 . (ins. . . 

' Ci to C 4 , 

Fuel 


e.f/.. CH 4 to C 4 H 10 

Synthetic rubber 

2 . (^lasoliiK- . 

Ci to Cjo 

Motor fuel 

2 . Kerosene. 

Cio to Cli 

Tractor fuel 



Heating 



Illuiuination 

1. Fii(*I oil. . 

C 15 to Cn 0 

Diesel fuel 

* 


Heating 

•). Liuineatjn^'oil 

CjiK (‘t<*. 

Lubrication 

0 . 1 i<‘a\ V oil 

C..U to C. 1 .S, etc. 

Fractionated to Vaseline, tar, 



Tar via, etc. 



Asphalt 



Coke 


12 . Octane Number. For satisfactory performance, motor fuels 
must meet many tests, one of them being knock rating or octane number. 
1 his is measured by means of standard mixtures composed of two 
pint' liydrocarbons called normal heptane, C 7 H 16 , and isooclane, CgHis- 
Normal hi'plane was chosen because it knocked worse than any other 
substance tried at the time. If a gasoline knocks as badly as normal 
heptane, it is given a zero octane number. Isooctane, on the other 
liand, knocks only under the most adverse conditions. A gasoline 
tliat knocks as little as is(»octane is given an octane number of 100. 
A gasolira* tliat knocks the same as a 50-50 mixture of octane and hep¬ 
tane is given an octane number of 50, Most motor fuels have an 
octane numb<*r of about 70: i.e., they knock the same as tlie mixture 
containing *0 per cent octane and 30 per cent heptane. Modern 
aviation fuel specifications often call for a knock rating of 100 or more. 
In fact isooclane is now made commercially for aviation fuel, and fuels 
of high octane number were used in very large quantity in military 
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aviation These Ihghly efficient fuels are of special imporlance in 
aviation because they make it possible to cut down the gasoline 
required, and thus to increase the pay 
load, especially on long trips. 


PLASTICS 

13. Polymerization, Synthetic 
Rubber, Plastics. Polymerization is 
essentially the formation of large molecules 
by the combination of smaller molecules. 
The process may be illustrated by the 
simple case of the formation of benzene 
from acetylene: 

3C.Ho -> CcHs 


IOOt- (octane)-nvic!+ion gasoline 
90 ■ 

80 i— premium gasoline 
^0 1 

60 >common gasoline 
50 J 
40- 
30 
20 
10 

0 -h—(heptane) 

Fig. 3. Octane number of 
gasoline. 


From the beginning of the Second 
World War, the need for synthetic rub¬ 
ber was very urgent. One of the most 
common of the synthetic rubbers is Puna S. The name is derived from 
the materials used in the manufaeture of this prodnel, butadiene, 
CII 2 CHCHC.II 2 , or C 4 H 6 , styrene, r. 6 H 50 Il('Il 2 ,aiul a catalyst (sodium 
01 some other material). The formation of a unit polymer molecule 
may be regarded as follows: 


H H H H 

I I I I 

C='C-C = C 

I I 

H H 

butadiene 


H H 

+ CeHi-C^C 


H H H H 


ICsH, 


H 


I I 


H 


st vrene 


-C-C=C"C-c-c- 

I I ‘ I I 

H H H H 

Ibina S <*onlains largo 
numbers of these polymer 
units 


Another product known as hirile or plexi(fla.s is made by the poly 
merization of the substance. nuUhyl inetliacrylale, 


CH 


CH- C 


COOCH, 


Tile molecules join each otluM* at (he double bonds. This malerial is 
widely used as (he transparent eoveiing for (In* nose or “gtcfnihouse" 

of airplanes. 
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The so-called vinyl resins are made by the polymerization of vinyl 

chloride, C.llo^CdTCI. Polymers of indefinite molecular size, e.g., 

—CHo—CHCd—CI-L—CHCl—, may be formed. This type is known 
as a linear polymer. 



Fio. 1. Plox'iplas clock frame. (Rohm and Haas Company.) 


Bakelile is an okler plastic familiar in electric switches, radio dials, 
etc. It is made from phenol, CgH.OH, and formaldehyde, HCHO, 
and is named after Dr. Leo Baekeland who developed the synthesis and 
founded the corporation that manufactures this product. 
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CHAPTER XXIII 

CARBOHYDRATES AND FOODS 

Hydrocarbons and carboliydrales are very iniporlanl carbon com¬ 
pounds. Organic chemistry is liio study of compounds of carbon. 
More than 300,000 such compounds are known. Before 1828 it was 
thought that they could be formed only by natural processes. Since 
that time, thousands of organic compounds have been synthesized in 
the laboratory. Among these are many dyes and drugs, and more 
recently, vitamins and hormones. We sliall now study, brielly, cer¬ 
tain organic compounds found in foods, plants, and related materials. 

1 . Carbohydrates are compounds of carbon, hydrogen, and 
OJtyg^n \\ith the latter two elements usually in the same pi’oportions 
as in water. Cellulose, starch, and sugar are common carbohydrates. 

2 . Photosynthesis. Cellulose is formed by th(‘ process of photo¬ 
synthesis in growing plants. This may b(' represetned \\\ a simplilied 
form by the equation 


6 CO. + 5H,0 


{Cf.HiiiO<,)y + 60 ^ ^ 
('olliilose 


The process of photosynthesis is actually much more complicated since 
it apparently takes place in a series of steps in which simpler compounds 
are converted first into sugar and then to starch or cellulose. It is an 
endothermic reaction, as indicated by the heat term ( —A) in the above 
equation. The reaction occurs oidy in the presence of sunlight and 
chlorophyll. 

The process of photosynthesis is essenlialK the revers(‘ of cond)us- 
tion or oxidation. These processes are continualK taking place*: hence* 
the carbon dioxide and oxygen conl(*nt of the atmosph(*r(* can vary 
but slightly even over a long period of time. Photosynlhesis is espe¬ 
cially significant because at present it is the only clH*mical proc(*ss by 
means of which energy from outside the earth is collecl(*d and stor(*d. 

3. Cellulose is a while solid whose formula is usually repres(*nle(i 
as CeylTioj/Osy or (CcHioOs)^. The total number of atoms in tin* c(*llu- 
lose molecule is unknown and probabK vari(*s in an indetinile mamu'r. 
Wood and cotton are the chief commercial sourc(*s of c(*llulose. Fill(*r 
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paper is nearly pure cellulose. Ordinary paper is chiefly cellulose, 
but it also contains added materials to confer the desired properties 
(body, weight, gloss, absence of pores, etc.). 

The chief chemical properties of cellulose are combustibility, its 
reactions with nitric acid to form cellulose nitrate, and some similar 
reactions with other acids. 

4. Manufacture of Paper. Paper is a thin mat of interwoven 
cellulose fibers. Although the better grades of paper are made from 
linen or cotton, wood is the chief raw material for making the common 
newspaper stock. Bamboo, cornstalks, or straw' may also be used. 
The various steps involved in the manufacture of paper are essentially 
the following: 

a. Chipping or grinding the wood. This is purely a mechanical 

process which reduces the wood to small particles that can be readily 
treated. 

b. Cooking with calcium bisulfite, Ca(HS 03 ) 2 , w'hich disintegrates 
the chips and removes the gummy binding material (lignin) in the 
natural wood. This process requires large quantities of sulfur for 
making the bisulfite and is known as the snlfiie process. 

c. Beating and washing with steam and mechanical agitation aid 
in the further disintegration of the pulp. 

d. Bleacliing with hypochlorite solution to destroy the natural 
coloring material in the wood. 

e. Rolling and drying. This treatment is also a mechanical process 
w liicli requires a long series of sieves and rollers. 

/. Tintii»g, sizing, or glazing processes are also required for special 
writing papers upoit which ink is to be used. 

5. Starch has the same composition as cellulose. Its formula is 
f-6jrHioxOoj or fC,;Hio 05 )j:. Tlic value of x is smaller in this case than 
the y used in the cellulose formula but is otherwise unknown. 


Exercises 

1. Naine two sour(‘os of starch. 

Slate tlic rpa<:c[it used, and Ihc c(»I<)r produced in tlie test for starch (refer 
to textbooks in hlolopv; also XI, 2). 


Staich does not dissolve in water, but upon heating it is finely dis- 

peiscd lo fotiM a colloidal suspension that is often entirely clear to the 

n.ikcd eye. ( pop boiling in the presence of acid, starch undergoes 

livdrnlysis, forming glucose. Tlie ion of the acid functions as a 
eatalvst. 
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(CeHjoOs), -f- XH 2 O 
starch 



XC6H12O6 

glucose 


A similar reaction takes place when starch is mixed with saliva because 
the latter contains the enzyme, plyatiri. Ptyalin catalyzes the hydrol- 
ysis of starch to maltose. 


ptYalin 

2(C6HioOs)i + XHjO - > XCi2H220ii 

starch maltose 

Yeast contains tlie enzyme diastase which catalyzes the hydrolysis of 
starch in a manner similar to the reaction with IT+ ion. This is the 
first step in the production of alcoliol from starch. 

6. Sugars are carbohydrates having the formulas or 

C12H22O11. Tlie former are called motiosaccharides, the latter disac- 
charidcs. Cilucose and fructose are common monosaccharides; nial- 
tose, lactose, and sucrose (ordinary sugar) are disaccharides. Certain 
sugars {e.g., glucose and maltose) are called reducing sugars because 
they react with cupric ion solutions (Fehling’s solution, Henedict’s 
solution XXVI. 10), reducing the valence of copper ion from +2 to 
+ 1 and precipitating yellow, orange, or rod cuprous oxide, CiiaO. 

yd r(jl \ sis or Inversion of Disueehurides. lien sucrose 
solution is boiled with ll'*' ion present, the sucrose is converted to 
glucose and fructose. 


Ci^H^gOji 4^ HgO 
surr^ise 


H 


Cr.HjoOe 4" Ct, Him06 
tflijcosc fnu'tose 


The ion functions as a catalyst. In a polariscope, sucrose rotates 
the plane of polarized light to the right while the glucose-fructose mix¬ 
ture causes rotation to the left. The hydrolysis is therefore called 
inversion, and the glucose-fructose mixture is called invert sugar. 
Inversion is also catalyzed by the enzyme inrerlase. 

8. Alcohols. Although there are many alcohols known to the 
organic chemist, only the two most common ones, ethyl and methyl 
alcohols, are now to be considered. Ethyl alcohol or grain alcuiu)! 
(ethanol), C2H5OII, is made commercially by the fermentation of 
molasses and other sugar or starch containing mixtures. The reaction 
is as follows; 


/vmase 
ill yeast 

C6H,,0, —-2C2H,0H +200; 

glucose etliyl alcoli()| 
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Etliyl alcohol is widely used as a raw material in the manufacture 
of butadiene rubber, as an industrial solvent, and as an ingredient in 
automobile antifreeze preparations. It is the substance responsible 
for the intoxicating effects of alcoholic beverages. Methyl alcohol 
(methanol) or wood alcohol, CH3OH, is made commercially by the 
destructive distillation of wood and by direct synthesis from carbon 
monoxide and hydrogen. High temperature, high pressure, and a 
catalyst are utilized in the latter process. The equation for the reac¬ 
tion is as follows: 


CO + 2H2:^z:^ch30h 

catalyst 

Exercises 

3. What industrial fuel gas can l)e used to furnish the carbon monoxide and 
hydrogen required in the synthesis of methyl alcohol? 

^ 1 a c.' li^^r ’s [)rinci|)le why high pressure increases the yield of 
methyl alcohol. 

5. What volume of hydrogen is required to react with 100 cu. ft. of carbon 
monoxide? W hat law is illustrated here? 

Denahired alcohol is a term applied to commercial ethyl alcohol that 
is diluted with methyl alcohol, and/or other substances. Since methyl 
alcohol is poisonous and has very harmful physiological elfects (blind¬ 
ness), denaluiH'd alcohol cannot be used for beverage purposes. The 
presence of methyl alcohol, howt'vin*, does not ordinarily interfere with 
the teclmical use of denatured alcohol as a solvent, as an antifreezing 
preparation, etc. 

9. Organic Acids, Acetic acid is probably the most common 
organic acid, A'inegar contains about 4 per cent of this acid. The 
formula is written in several different ways, e.g., HC2H3O2; C2H4O2; 
HAc; Ac; r4l3COOH. The last formula is, perhaps, the preferable 
one since it conforms to the general type formula for all organic acids, 
viz., R COOII. in which R represents a hydrocarbon radical. Organic 
acids of high molecular weiglit are palmitic acid. C13H31COOH; oleic 
acid, C17H33COOII: and stearic acid, Ci7ll3.=iCOOH. 

Acetic a<’id is made by the oxidation of ethyl alcohol, also from 
acetylene. I lie oxidation is <'arried on by passing the alcohol or 
feiinented Iruit jni< e, c.g., cider, over wood shavings, upon which a 
material (mother of vinegar) containing certain enzymes, is adsorbed. 
Air. of course, supphu's the oxygen. Tlie e([iiation for the reaction is 
as follows: 

rii/vnu* 

C.H.OH + O,-^-►CH.iCOOH + H^O 
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Acetic acid is a weak acad, liio 

0.013 or 1.3 per cent ill O.lA^solut 

by the equation: 


apparent fraction of ioni/ation beinj^ 
ion. The ionization may be expn'ssed 


CHjCOOH <-^ CHjCOO" + H' 


Note that the hydrogen of the COOH 
from the molecule. 


or carboxyl group is dissociated 


Exercise 

6. Calculate tlie weight of I per cent acetic aei.l that couhl 1„. made hy the 

fennentalion of 10 lb. glucose aiul the subst‘quenl oxidation of the alcohol to 
acetic acid. 


10 . Fats and Soaps. Common laundry soap is made by heating 
a mixture of fat and alkali. In order to understand the chemistry of 
soapmaking, it is desirable to know something about the composition 
of fats. When an organic acid and an alcohol react, two products 
are formed: an ester and water. For example, 


acid alcohol 

CHjCOOH + C,H.OH 

acetic acid ethyl alcohol 

SCitHj.COOH + CaHstOH)^ 
stearic acid glycerin 


ester water 

CHXOOC,H,. + H,0 

ethvl acetate 

(Ci7H3sCOO)3CaH•> -j- 3H.»0 

glywryl sloarate 


The ester, glyceryl stearate, or stearin, is one of several esters found in 
animal tats. A fat is an ester of a higher molecular weight acid with 
glycerin. 

Saponification is the reaction by which soap is formed from f;il and 
alkali. It may be illustrated by the following (‘(|uation: 


(CpHsXOOXaH, + 3NaOH 3C,:H.,.,COONa + C 3 H,(OH )3 

glyceryl stearate sodium stearate, gl>cenn 

soap 


If potassium hydroxide is substituted for sodium hydroxide, a licjuld 
or soft soap is formed. 


Exorcise 

7. Calculate (a) the w»*ight of sodium hydroxide required to react uitli 1(1 Ih. 
glyceryl stearate and (6) the weiglit of sodium stear.ate st)aj» form<*d. 

The cleansing action of soap deptmds upon certain proptMties known 
as adsorption and emulstfication. Fine particles of dirt are surrounded 
and removed by the soap solution. Oily inalltT is n*dured to line 
droplets which can be easily rinsed otf from clothing. For a mon‘ 
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complete explanation, the student is referred to books on colloid 
chemistry. 

11. Proteins are complex compounds of carbon, hydrogen, oxygen, 
and nitrogen, with sulfur and phosphorus also often present. Egg 
albumin is nearly pure protein, while lean meat, beans, and fish con¬ 
tain a liigli content of protein. Upon being heated strongly, proteins 
decompose, leaving carbon as a residue. During the first stages of the 
(h’composition of certain proteins, water and hydrogen sulfide are 
evnivc'd. Heating with NaOH results in evolution of ammonia. 

Proteins are lorrned by the combination of amino acids, a simple 

illustration of the latter being aminoacetic acid or glycine, 

NH 2 CH 2 f.OOH. The combination or condensation, as it is called in 

organic chemistry, of 2 molecules of amino acetic acid is illustrated as 
follows: 


H H 

I I 

N- C 

I t 

H H 


O 


- C 


;OH 


H 

I 

N 

i 

H 


H 

I 

C- 

I 

H 


O 


H H 

I I 

N- C 

I I 

H H 


O 


- C 




N 

I 

H 


H 

I 

C 

I 

H 


-C-C 


HjO 


OH 


OH 


V large number of molecules of amino acids are thus linked together 
or condensed, forming proteins of high molecular weight. In the 
digestion of proteir»s, the reverse process, or hydrolysis, takes place, 
^\hich breaks down the proteins into simpler amino acids. 

12. Foods. Carbohydrates, fats, proteins, minerals, water, and 
vitamins are the principal components of foods. Carbohydrates and 
fats furnish heat and energy for the body, while protein and mineral 
matter build tissue and bone. The vifamins present in small amounts 
in foods liave a very important function in helping to maintain bodily 
liealth and vigor. Great progress has been made in recent years in 
the study of the vitamins, as to their occurrence, chemical composition, 
and properties. Some of them liave been identified as chemical com¬ 
pounds; for example, vitamin C is ascorbic acid. 

The specialized study of foods and nutrition requires a knowledge 
ol organic chemistry and biological chemistry. Experts in nutrition 
have formulated diets for people of different ages and occupations, 
taking into account the energy and vitamin requirements of the indi¬ 
vidual. In general, it may be stated that (1) people doing heavy 
manual work reipiire a high protein and carbohydrate diet, (2) people 


I 
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living in cold climates require a liigli fat diet, (3) all people require 
sufficient vitamin-containing foods to maintain bodily health and 
vigor, (4) children need considerable mineral matter to meet the 
requirements of growing bones and teeth. 


Table I 

Composition op Foods* 


Food 

Water, 

% 

Protein. 

% 

Fat, 

% 

Minerals, 

C/ 

/o 

Carbo¬ 

hydrates 

% 

Almonds (dried). 

1.7 

18.6 

511 

3.0 

19 6 

Apples (fresh). 

81.1 

0.3 

0.1 

0.29 

1 1 9 

Asparagus. 

93.0 


0.2 

0.67 

3 9 

Bacon. 

20.0 

9.1 

65.0 

1 . 3 

11 

23.0 

Bananas. 

71.8 

1.2 

0.2 

0.81 

Beans (dried). 

10.5 

22.0 

1.5 

3.9 

62 1 

Beef (dried). 

17.7 

31.3 

6.3 

11.6 

0 0 

Bread (white). 

35.9 

8.5 

2.0 

1.3 

52 3 

Butter. 

15.5 

0.6 

81.0 

2.5 

0.1 

Cabbage. 

92. 1 

11 

0.2 

0.75 

5 3 

Celery. 

93.7 

1.3 

0.2 

1,08 

3,7 

Cheese (cream). 

12.7 

11 . 5 

39.9 

1.9 

1.0 

Coconut (fresh). 

16 9 

3. 1 

31.7 

1.0 

11.0 

Eggs. 

71.0 

12.8 

115 

10 

0.7 

Ham (smoked, lean). 

, 

20 2 

20.8 

m ^ 

.) . .> 

0.0 

Lettuce. 

91.8 

1.2 

0.2 

0,9 

2.9 

MUk. 

87.1 

3.1 

3.9 

0.7 

19 

Oatmeal (cooked). 

Olive oil. 

81.8 

e » • « 

2.3 

1.2 
100,0 

0.7 

II 0 

Oranges. 

87.2 

0.9 

0.2 

0,17 

11.2 

Peanuts (roasted; . 

2.6 

26.9 

11.2 

o - 

23 . 6 

Potatoes. 

77.8 

2.0 

0.1 

I .0 

19.1 

Raisins . 

21.0 

2.3 

0.5 

2.0 

71 ,2 

Rice . 

12.3 

7.6 

0.3 

0 I 

79 1 

Salmon (canned) . 

67.1 

20.6 

9.6 : 

2 . 1 

0 0 

Spinach . 

92.7 

2.3 

0.3 

I 53 

3.2 

Strawberries . 

90.0 

0.8 

0.6 i 

(t . 5 

8 1 

Wheat flour. . I 

12.0 

112 

1.1 

0 . 5 

75 . 2 


• Chatfield and AoaM 8, The* I'roximatv (atmpoMilion of AnH-rican Food MaU-rials, Cirriihir 
519, U. S. Deportmnnt of Agriculture. 


Kxer<‘ise 

8. From Table I, make a list of (ti) (ne fenKl malerials coiiliniiinj; o\er 20 per 
cent protein, (6) five food materials coiitainiiif; ()\er 10 jter et'rit fat, (r) live fixid 
niaterials containing over 50 per cent carbohydrate, (</) five food materials ( (xi- 
taining 3 per cent or more minerals. 
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Observe that asparagus, cabbage, celery, lettuce, and spinach contain over 
90 per cent water; that beef, ham, and salmon contain no carbohydrate; that olive 
oil contains 100 per cent fat. 

SUGGESTED READING 

Fosteii, From Atom to Life, ./. (Ihcm. Education, 3, 1391 (1926). 

Benson, The Story of Paper, J. Chem. Education, 7, 1739 (1930). 



CHAPTER XXIV 

SILICON AND BORON. GLASS 


Silicon bears some relationship to carbon. Both elements are in 
Group IV of the periodic system and possess a valence of 1 in tlicir 
compounds. Carbon is the predominant element in plant and animal 
materials, as well as in thousands of synthetic organic compounds. 
Silicon may be regarded as the predominant element in mineral mate¬ 
rials. Both silicon and carbon arc nonmetals with very high melting 
points. 

Boron is a nonmetal of Group III of the periodic system. Silicon 
and boron and many of their compounds possess similar properties 
and, for this reason, are to be considered, in this cliapter, as relat<‘d 
elements. 

1. Occurrence of Silicon in Nature. Silicon never occurs in 
nature in the free state, but it is the second most plentiful element in 
the earth’s crust, making up an estimated 26 per cent. Nearly all 
common rocks except limestone are silicon compounds or mixtures of 
these compounds. Among the more common or useful silicon-bearing 
rocks are granite, sandstone, basalt, feldspar, clay and asbestos, talc, 
soapstone, mica, and the zeolites. 

2. Silicon. iVIanufacture, Properties, and Uses. Large 
amounts of silicon are produced at Niagara Kalis, bv heating sand 
SiOo, with coke in an electric furnace in which the following reaction 
occurs: 


SiO, -f- 2C -» Si 2CO 

Silicon can also be prepared by lieating pun* SitV with magnesium 
in finely divided form. 

SiO, + 2Mg Si + 2MgO 

The magnesium oxide with uncombim^d magnesium (and magm'siurn 
silicide) is removed by the use of hydrochloric acid. 

The crystalline form of silicon is rH‘edl(‘like and has a steel blia 

luster, and the amorphous form is a brown powdc'r. Siliecjn is art 

• 

important material in the iron and steel industry. AIIons of iron 
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known as Duriron, containing 10 to 15 per cent silicon, are very resistant 

to the corrosive action of acids. Such alloys are widely used in the 
manufacture of drain pipes in laboratories, acid pumps, etc. 0^ving 
to the hardness and brittleness of these alloys, they cannot be cut and 
threaded and must be cast into the form to be used. Silicon in iron 
increases electrical resistance and promotes grain growth. These 
properties have led to the use of silicon (1 to 5 per cent) in iron for 
(‘lectrical machinery, e.g., in transformer cores to reduce eddy currents 
(h>steresis). 

lerrosilicon alloy is used in the manufacture of about 90 per cent 
of the steel produced in the United States. From the melted steel, 
the feiTosilicon removes the dissolved oxygen that produces flaws in 
tlie product. 

3. Silica is a synonym for silicon dioxide, SiOg. Ordinary sand is 
impure silica. In addition to its importance as an ingredient of con- 
cn'tc, silica is an important raw material in the manufacture of glass, 
in the recovery of iron from its ores, in the manufacture of silicon 
carbide, and in otlier metallurgical and chemical processes. Silica is 
unusual because it occurs in so many different forms in nature. Thus, 
(piartz, opal, agate, flint and sponge, cameo, diatomaceous earth are 
all essentially SiOa. 

4-. ater Glass, When variable quantities of sand are fused with 
sodium carbonate, a water-soluble material of variable composition 
is formed. The reactioti may be indicated by the equation: 

Na,CO.i + xSiO, -» Na.O xSiOi + CO2 

Ordinary water glass is a water solution of the silicate having the 
composition equivalent to 1 mole of Na 20 to 3.22 moles of SiOs (or 
INaoO;3.22Si02) at UBaume.^ Water glass is used in enormous 
(piantities as an adhesive in making paper boxes, as a builder and 
adjunct in soaps, and in preserving eggs. It is also used to make 
silicic' acid and silica gel. 

5. Silicic acid may be formed by the reaction of an acid with 
sodium silicate solution. 

Na.SiO. + 2HCI 2NaCI + H^SiOa or (xH.OySiOj) 

I he silicic acid usually forms a jellylike mass. There is considerable 
e\idenc(' lliat this jelly is merely a special kind of mixture of Si02 
and H^O rather than a compound of these two substances. Attempts 
In dry the jelly and prepare HjSiOs result only in obtaining SiOs- 

' Iknuju* is a term iw>d to iiuli< ate a scale of densities used in industry. 
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The siUcic acid jelly is used to prepare activated silica or silica gel 
a wlute granular solid, which has a highly porous structure «dth 
enormous surface area and is, therefore, used as a catalyst base and 
as an adsorbent for gases and odoriferous vapors. 

Many so-called silicic acids are recognized, in’ the combined for.n 
as complex sdicates of metals, in minerals. These acids may be 
regarded as combinations of water nith silica in varying molar pro- 
portions, as shown in Table I. 


Table I 


Acid 

Formula 

Cemstituerjf o.xicles, 
vSiOi 

Metasilicic. 

IlsSiOa 

iHjO. ISiOi 

Orthosilicic. 

H^SiO* 

2 H 2 O, ISiOa 

Disilieie. 

H2Si206 

IH.O. 2Si02 


ILSijOe 

2 H 2 O. 2Si<K 


H^Si-^O; 

3 H 2 O, 2Si02 

Trisilicic. 


IH.O. :JSi()2 


! lLSi,OH 

2114). IlSiOj 


IbSiiO, 

3 H 2 O, IlSiO, 


Kxcrcisc 

1. Make a list containing the nanios of the acids in Table I with tlie mole per 
cent of water and silica in each acid. For example, metasilicic acid. 50 mole 
per cent HjO; 50 mole per cent SiOa. 


From Table I it will be observed that the disilieie acids contain 
2 moles of silica, and the trisilicic acids contain 3 moles of silica. 
Other higher acids may be identified in the acid radicals of mineral 
silicates (Table II). 


6 . Silicates. A few of the more common silicates of industrial 
importance are listed in Table II. It is to be noted tiiat the formulas 
of the silicates are e\pressed, also, in terms of their constituent oxides. 
In order to understand the composition of these complex com¬ 


pounds, one should observe the similarities and differences in composi¬ 
tion as indicated by the constituent oxides in Table 11. Chemical 
analyses of such materials are always reported in terms of the per¬ 
centages of the constituent oxides. (It is not expected tiial tin* for¬ 
mulas are to be memorized.) Aote, for example, that asb(‘slos and 
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iticerscliauiii are tnagnesium silicates, and that feldspar (potash type) 
and mica are double silicates of aluminum and potassium. 


Table II 


Silica ie 

Formula 

Constituent oxides 

Asbestos. 

H.UgSUO, 

3MgO, 2Si02, 2 H 2 O 

Me«*rschaum. 

IbMg2Si30io 

2MgO, SSiOj, 2 H 2 O 

Clav (kaolin). 

IBAlsSisO* 

AJ 2 O 3 , 2Si02, 2 H 2 O 

Fi“lds[)ar. 

2.MKSi308 

AJ 2 O 3 , 6 Si 02 , . . . K 2 O 

Mira. 

2H2KAl3(SiOd3 

3 AJ 2 O 3 , 6Si02. 2 H 2 O, K 2 O 

Zeolite. 

H4Na2Al2{Si03)6 

AI 2 O 3 , eSiOj, 2 H 2 O, Na^O 

Garnet. 

Ca3Fe2(Si04)3 

FeaOa. 3Si02, . . . 3CaO 


Exercises 

2. List thf iianu's of the materials in Tjihle II wliieh are silieatos of (a) disilicic 
acid, [h) trisilicic acid. 

3. Calculate («) the mole percent, (h) the percentage hy weight cf silica in 
asbestos an<l in clay. 

1. Calculate? («) the mole per cent, (h) the percentage by weight of potash 
(KaO) in feldspar and in mica. 

7. Iii<histrial Importance of Silicates. Asbestos and mica 
an' \vi(l(‘ly used as insulating materials because of their very low 
llierina! and eleetrieal eonduetivity. Being noncombustible, tough, 
and pliable, asbestos cloth is used in making asbestos suits for firemen. 

Pure eliina clay (kaolin) is used in the manufacture of crockery, 
crucibles, and i)ott(‘rv. The clav, mixed with water, is molded into 
the desired form and then heated to a Ingh temperature m a Kiln. 
Impure elays containing ferric silicates are raw materials in the niaiiu- 
ractiirc of l)rick. tile, and Portland cement (XX\ III. 11). Phe iron 
compounds iti clay art* responsible for t he red color of common building 
brick. Bt'IVaelory bricks, suitable for lining fire boxes and furnaces, 
art* made from a spt'cia! saiidstout*, SiOo. known as ganisler. 

Exercise 

5. Name twf) physical or rliemical propcrtii's of clay that are essential in the 
manufacture of brick and tile. 

dlie zt'olitc si!ic:it(*s aic widi'ly used in water purification because 

of t lit'ir pro[)t*rt y of renio\ ing llie calcium and nmgnesium ions in hard 

water, (iarnct, oti account of its great hardness, is used to some 

exiciil. in llic inanufecture of special grinding tnah'i’ials known as 

(ihfdsin's. ()lher widt'K used abrasives are tliose containing alnmiinim 

% 

oxidt* (insed) oj- silicon carbidt*. 
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8 . Silicon carbide, SiC (Carborundum or Crjstolon). An 

• • m s ^ in machine sliops 

for sharpening tools and smoothing up metal castings, also in the 

manufacture of whetstones and emery cloth. It was discovered in 

1893 by Edward Acheson, in an attempt to produce materials of great 

hardness. By heating sand and carbon together in a small electric 

furnace, Acheson prepared a few beautiful dark purple, iridescent 



Fig. 1. Fusing sund and cok<* in rcsistanct’-typo ol<*<-lrir furnace lo make silic 

carbide (crystolun) aiirasive. {Norton (MmfHiny.) 


on 


crystals, which he found would scratch glass. Tfie same geiicnil 
process is used today in the inaniifacturo of carborundum and cryslolon. 

A mixture of sand and coke, with sawdust and salt, is placed in an 
electric furnace of the resistance type (XXL 2). A core of graplii- 
tized coke, in the center of the inLxture, becomes incand(*scent from 
the heat generated by the electric current. Within a fe\\ liours, large 
masses of silicon carbide are formed around the core. The product is 
then crushed, sifted, and mixed into a paste with water glass or other 
binding materials. The paste, when sliaped into grinding wheels, etc., 
by high pressure, is then fired in a kiln. 

By use of the X rays, it has been shown (hat silicon carbide has a 
crystal structure resembling that of the diamond, d’he atoms ol 
silicon and carbon are closely bonihal together by shanal electrons. 
With boron carbide, it ranks ni“\t to diamond in actual hardru'ss. 
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9. Boron. Tlie element, boron, is a nonmetal and can be pre¬ 
pared by the reduction of boric oxide, B 2 O 3 , with magnesium. It 
exists in two allotropic forms: as an amorphous brown powder and as 
tiansparent crystals that resemble the diamond in brilliance and hard¬ 
ness. Boron forms two very important compounds: borax and boric 
acid. 




Grinding wheels are used in a wide variety of shapes and sizes. 

Company.) 


{Norton 


10. Borax (sodium tetraborate), Na 2 B 4 O 7 - 10 H 2 O, occurs in the 
Death ^ alley of California and other desert regions. It is prepared by 
recrystallization or from related boron compounds. The principal 
uses of borax are in the manufacture of glass and enamel wares, wash¬ 
ing powders, and water softeners. In washing powders, borax pro¬ 
duces an alkaline reaction in solution by hydrolysis because tetraboric 
acid, IbBjOy, is a weak acid. 


Exercise 

6. \\ rito full ionic equations to Illustrate the hydrolysis of borax. Give a full 
explanation of the alkaline reaction. 

Boiax is also used in soldering and ivelding^ owing to the fact that it 
fuses with the oxide impurities on the surface of the metal. Colored 
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glasslike materials are formed by melting borax with various metallic 
oxides, or salts, as listed in Table III. 


Table III 


Compounds of 

Meiah 

Chromium. 

Color of 

Borax Class 

Cobalt. 


Copper. 

Iron. 

Ked (in reducing flame) 

Manganese. 

Nickel. 

Green (in reducing flame) 
. Violet 


11 . Boric acid (boracic acid), H3BO3, is a well-known aniisepfic 
commonly used in the treatment of infected eyelids. It is a very weak 
acid. The common method for preparing boric acid is based upon the 
reaction of a hot solution of borax with acid, 

NasB^Or + 2HCI + SH.O -» 4 H 3 B 03 i -{■ 2NaCl 

When the solution cools, boric acid crystals are formed. 

12 . Glass. The manufacture of glass dates back to very early 
times and was, for centuries, regarded as an art. Today, glasses for a 
mde variety of uses can be made, ranging from camera lenses to the 
flexible product known as fiber glass for window drapes, awnings, etc. 
Every step in the process of manufacture of glass is under rigid chemical 
control. The high resistance of modern laboratory glassware to acids 
and physical shock is >vell know n to laboratory workers. Tlie use of 
optical glass in spectacle lenses is appreciated by millions of people 
with defective vision. 

13. Ordinary soft glass is made by melting together sodium 
carbonate, calcium carbonate, and sand. Reactions expressed in 
simplified form are as follows: 

N32C03 “h Si02 —^ Na^SiOj H- CO 2 

CaCOa + SiOs CaSiOj + CO. 

The finished glass thus contains Na 2 Si 03 and CaSiOs with additional 
silica and often smaller amounts of other materials such as Na-iSOi, 
B 2 O 3 , or Na 2 B 407 . Soft glass may thus be considered to be composed 
of the three oxides, Si 02 , Na 20 , and CaO, usually in the proportion, 
Na 20 * 3 Ca 0 * 6 Si 02 . The compositions of special and colored glasses 
are indicated as in Table l\. 
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T/VBLe IV 
Glass Composition 


Name 

Composition 

Distinctive properties 

Window glass, soft glass, jdate 
glass. 

Si 02 , NajO, CaO 

Low melting point, cheap 

Flint glass, optical glass. 

SiO., KsO, PbO 

Very low melting point, 

Hard glass (crown glass). 

Si 02 , K 2 O, CaO 

very soft 

Hard, brittle, high melting 

Pyrex glass (borosilicate glass) 

SiO,, NasO, B 2 O 3 , 

point 

Resistant to etching of 

CaO 

alkali solutions. High 

Ked glass. 

Si 02 , NajO, CaO, and 

melting point, hard to 
break by shock or tem¬ 
perature change 

Blue glass. 

Se 02 or Au or CU 2 O 
Si 02 , NaaO, CaO, and 


Green glass. 

CoO or CuO 

Si 02 , Na 20 , CaO, and 


^'iolet glass. 

FeO or Cr 203 

Si 02 . NaaO, CaO, and 


Brown glass, yellow glass. 

MnO 

Si 02 , Na 20 , CaO, and 



FcoOs 



Any of the above glasses listed in Table IV may contain consider¬ 
able proportions of other components. Safety glass is made by cement¬ 
ing a layer of a transparent plastic material between two layers of 
ordinary glass. Optical glass is usually of special composition and 
manufacture, depending upon the properties desired, A small amount 
of chemical apparatus and other equipment is made of fused trans¬ 
parent silica. This is expensive but almost impossible to break by 
sudden heating or cooling. Enamels and glazes on tile and other 
ceramic ware are special forms of glass. The etching of glass by hydro¬ 
fluoric acid should be reviewed (XII. 3). 


Exercises 

7. Write equations for the reaction cf hydrofluoric acid with (a) silicon dioxide, 
( 6 j calcium silicate. 

8 . (ai What is nieant by index of refraction? ( 6 ) What is the relationship 
l>etween tlie composition of o[C.iral jilass and its index of refraction? 

9. In) \\ hat is n:t‘ant hy cccflicient of expansion? ( 6 ) Would the coefficient 
of expansion of Pyrex glass he an important factor in the practical use of this 
class? 
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Dingley, Borax Imliislry in SouIIhtii California, ./. C.hetn. J-Muralion, 8 , 2112 
(1931). 

Jegli'M, Liquid (ilass and Solid Solutions. ./. ('hern. Kdncaiioti. 19, 239 (19 12). 
Flint, (ilass, ,/. ('hem. Edncalum. 19, 287 (1912). 

CoopKH, Modern Abrasives. ./. ('hem. Ethieafion, 19, 122 (1912). 

IllDGXVAY, Manufactured Abrasives, Chem. «j Emj. News, 21, 8.78 (1913). 


CHAPTER XXV 

LEAD AND SILVER 


Laboratory studies in the chemistry of the metals may well include 
work in the qualitative analysis of the common metallic ions. We 
shall, therefore, take up the study of the more common metals in 
approximately the same order in which they are presented in the quali¬ 
tative analysis. A study of the reactions involved in the analytical 
work can also be made in the lectures and recitations. 



• • V A V ’ > ’ 

Group I of the ciualitative analysis includes the ions of lead, silver, 
and (mercurous) mercury. In this chapter, we shall consider the 
metals, lead and silver, and some of their important compounds. 

1. Properties and I ses of Lead. Lead is the heaviest, softest, 
and most flexiblf' o( the c(unmon metals. It has a relatively low melt¬ 
ing point and low cliemical n'activity. With certain other 

metals, lead is used in making alloys of low melting point, e.g., fusible 
allo\s {Wood s metal) lor plugs in automatic sprinkler systems, also 
t)pe metal, solder, and sliot. Because of its flexibility and its resist- 
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ance to corrosion, it is used Cor making water pipes and Icleplione cable 
coverings. Large amounts of lead are used in the manufacture of white 
lead (basic lead carbonate) and the electrodes for storage batteries. 

Exercise 

1. Alloys of antimony and lead melt at varying temperatures as shown by the 
melting-point diagram (Fig. 1). From this diagram, state how the melting point 
varies (increases or decreases) with change in composition („) from 0 0 to ISO 
,ier cent Sh. (/>) from lil.O to 100 per cent Sh; (c) how the melling point of the allo'v 
changes by adding lead to antimony. What is the composition (,/) of the alloy 
having the miniimim melting point? (e) of the two possible alloys having a 
melting point of approximately .'100°C.? 


2. Occurrence and Metallurgy of Lead. The piincipnl source 
of lead is galena or lead suHide, PbS, whieli occurs naturally in the 
form of cubic crystals resembling lead in appearance, (ialena is 
found rather abundantly in many parts of tlie world. To obtain pure 
lead from this ore, four processes are necessary: 

а. Concenlraiion. A treatment commonly used in metallurgy to 
remove tlie rock impurities (gangue) from jhe ore. 

б . Roasting. The heating of the ore in air to convcii the sultide 
ore to lead oxide and sulfur, dioxide. 

c. Reduction. Heating the lead oxide with carbon, usuallv (oke. 
forming impure lead and carbon dhtxide. 

d. Refining by Electrolysis. A process that removes trac es of other 

metals from tlie impure lead. The Parkes process is also us(‘d in 
refining lead (Sec. 7), - i > 


Exercises 


2. Write two e<]uations illustrating the roastiiifr ami tin' n*(lnf lion procfssc's. 

3. How many poumis of lead can lx* obtained from 10 Ions of leatl sulfidf* ore 
containing 90 {>er cent <>f rock impurities? 


3. Oxides of Lead. 


Thrc'c of these’ an* important (i'ahle I). 


I 


Formula 

Names 

(’olor 

l.tses 

PbO 

l>ead monoxide or lit liarge 

Lij'bl yelbov 

(iliiss nianiifaet ur(' and 
litliarge-glyeeiin cement 

PbOj 

Lead dioxide 

Dark re<l brown 

P!at<*s of storage cells 

Pb,04 

1 

1 

Red lead 

1 

Red 

Paint pigment, flint glass 


4. Other Lead Compounds. ^ arious o(h<’r coin[)oun(]s of lead 
are listed in Table 11. 
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Table II 

Name 

Formula 

Use 

\\ Inic lead. 

Chrome yellow or lead chroinale... 
I.ead tetradhvl. 

Pb(0H).y2PbC03 

PbCrOi 

PbCC^Hs)! 

PbS 

Pb3(As04)2 

Base or body for paints 
Paint pigment 

Antiknock agent in motor 
fuel 

Lead ore, rectifier 
Insecticide 

1 

to 

(ialena. 

Lead arsenate. 



5. Paints. Large amounts of lead compounds are used in paint 
manufacture. Paints generally contain four components: (1) the oil, 
(2) the base or body, (3) pigment, (4) a drier. The oil is usually lin- 


V^nt plug 

Inrer-ce// 

Cover 

Posif/ve 
strap 


Positive 
plate 


Container 


i 

I 
l 

Fig. 2. ,\ Icad-plate storage cell. {The Electric Storage Battery Company.) 

seed oil, but other oils are coming into use. The most common base 
is white lead although lithopone, BaSOi + ZnS, is also used. Driers 
are usually complicated organic compounds of cobalt or manganese, 
riiere is little or no evaporation during the drying of a paint. The 
principal change is the oxidation of the oil to a hard resinous film. 
The drier acts as a catalyst and hastens the oxidation and formation 
of the film. The body or base gives covering power and the pigment 
gives color to the paint. 

6 . Lead-plate Storage Cell, Any battery of this type in actual 
use has Pb and PbSO^ on one set of plates, while PbOz and PbS 04 are 


connector 


Post 


n 



^ Negative 
j strap 


Partition 


Separator 


I Negative 

^ p/ate 
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present on the otiu-r plates. The li.inid or electrolyte is water and 
sulfuric acid. The specific pravily of the electrolyte of a charged cell 
IS about 1.3. As the cell becomes discharged, the specilic gravity 
decreases to a lower value. The general construction of a lead-plate 
storage cell is illustrated in Fig. 2. The materials on the electrodes 
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Fig. 3. Churgutl aiul dist lj arg<*(l storage cell. ('/Vte h'lccln'c Slonifie 

Hnllery i.'orniuiny.) 

Nnth connections to n iiiutof and a ‘ccncralof, ;tn‘ iiidicah'd in I’ig. .3. 

A fully ('liarg(‘d cell lias lit I le if aii\ l‘l)S( )| on eit lici- plait*. I his heing 
formed simultant'oiisly on Lolli plalcs by tlu‘ following mi'cliaiiisni: 

When current is dra\Mi from the cell h\ closing a s\>ilch. llit* bat¬ 
tery is discharged. During this process S()r~ ions go lo Ihc PI) plate. 

PbM-SO. - - 2e- -> PhSO, []) 
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The electrons pass away through the wire, through the lamps, and 
back to the Pb 02 plate. At this plate the electrons are used in the 
follo\nng reaction: 

PbOa + + SO “ + 2e- PbS 04 + 2 H 2 O (2) 

It is to be emphasized that reactions (1) and ( 2 ) occur simultaneously. 
Thus, the total reaction is 


discharge 

PbO. + Pb + 2 H.SO 4 1 ^ 2PbS04 + 2 H 2 O (3) 

charge 

and of course, also, the flow of electrons (electric current) causes the 
lamps to glow. Thus, the chemical energy of the Pb 02 , Pb, and 
H 2 SO 4 is converted into heat and light energy in the lamps. Any 
other electrical device can be substituted for the lamps. 

Eventually the battery must be recharged. This is done by closing 
a switch so that the generator can drive electrons from the Pb 02 
plate to the Pb plate. It is to be noted that this electron stream is in 
the direction opposite to that during the discharge. As a result, both 
of the above reactions are reversed and the PbS 04 is converted back to 
Pb on one plate, to Pb 02 on the other, and SO 4 ions are returned to 
tlie solution. 


Exercise 

4. Give two reasons wliy the specific gravity of the eletlrolyte of the lead-plate 
storage cell dwreases as the cell is being discharged. Write ion-electron equations 
for the reactions in this cell. 


SILVTR 

7. Occurrence and Metallurgy. Nuggets and veins of metallic 
silver are found in certain rock formations. It is usually mixed with 
copper and gold. Silver sulfide, AgoS, known as argentiie, an important 
natural ore of silver, is usually found mixed ^vith sulfides of lead, cop¬ 
per, nickel, and other metals. 

Most of the silver produced is obtained as a by-product in the 
smelting of lead, copper, and nickel ores. Silver is separated from 
impure lead by means of the Parkes process in which zinc is melted 
with the lead. The silver is more soluble in the zinc, which floats 
and can be skimmed off the top. By heating the zinc-silver mixture 
in a retort, the zinc is removed by distillation and can be used over 
again. 
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8 . Properties and Uses. Silver possesses a high relleeting prop¬ 
erty oward light and, as a conductor of I.eat, it ranks first among the 
metals. It is quite malleable and soft and consequently docs not wear 
wel . The principal use as a metal is in making coins, jewelry, and 
tableware. Silver coins of the United States contain 10 per cent 

copper and 90 per cent silver. Dental alloys and mirrors also require 
large amounts of silver. 

As every housewife knows, silverware in contact willi foods con¬ 
taining sulfur becomes tarnished, or coated with a dark stain of silver 
sulfide. A common method of removing tliis stain is to place the 
silverware in an aluminum dish containing about a teaspoonful of salt 
and the same amount of baking soda, per quart of water. The silver 
sulfide dissolves forming silver ion, Ag+ whicli is discharged by tlie 
aluminum metal, and a fresh film of silver is deposited upon the surface 
of the ware. The equation for the reaction is 

Al + 3Ag+ —> AI+++ -I- 3Ag 

The sulfide ions are of course discarded in the rinsing water. 


Kxcrcise 


5. \V 

series? 


hat are the relative positions of tlie aliuniiiuiii aiui sil\er in t 
Indicate tlie gain ami loss of electrons in th«* aliove ecpmtion. 



JM'tIvity 


9. Invportant Ooiiipoiiii<ls of Silver, 
is made in large qiianliti(‘s l)y dissolving 
evaporating the water until the solid salt 
solution. 


Silv(‘r nitrate, AgNO^, 
silver in nitric acid an<l 
is crystallized out of (he 


Kxcrciscs 

6. ^\^ite tlie equation for tlie reaclitui of sil\ur «illi dilute nitric acid, assuming 
that nitric oxide, NO. is formed. 

T. Calculate the weight of silver nitrate that is formed from It) Ih. silver, by 
the above reaction. 

Silver halides, AgCl (white), AgBr (pale ytdlow), Agl (vellou), 
are prepared in large quantities from silvt'r nitrate by llu^ photographic 
industry. These compounds are used in making i)hotograi>liic plates 
and films because of their high sensitivity to light. 

10 . Photography. Tlie eheinieal principles of phologi apliy, 
briefly staled, are the following: 'I'lu' plate or film (onlaining the 
silver halide when exposed to light is atfecled by (he light so (hat Ihe 
silver ion can bt‘ reduc(*d by liie developer (hvdiTKiuiiione. elc.). 
Silver, in finely divided form, is depositi'd upon Ihe plate or film, the 
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quaiitil y depending upon tiie intensity of the light. Thus, light objects 
appear darkest on the negative. 

Unallected areas of silver halide, AgBr, arc then dissolved by 
“lixing" with hypo or sodiinn thiosulfate while the film is kept in the 
dark rootn. Printing is accomplished by exposing another liliii to this 


! jiiki 


I iiiii 

*!!M 


t Hi. 1. Silver for the pliotographic industry. There is a ton of silver on the truck. 

negative, thus reversing the dark and light areas. When this film is 
d('V('loped. it bears a true image of the original object. Larger text¬ 
books or a special treatise should be consulted for details of the process. 

Exercises 

8. Outline tlie main steps involved in the photographic proces.s. 

9. Write tliree ionic equations for the reactions involved in the separation 
and idfiitification of silver ion in Group I of qualitative analysis. 

10. W rite two ionic equations for the reactions involved in the separation and 
identification of lead ion in Group I of qualitative analysis. 

SUGGESTED READING 

Ilii-.ns and Rose, I.,(‘ad in Building and Construction, Ind. Enq. Chem., 27, 1133 
(193.5). 

\\ AKi.r^, Manufacture of W hite Lead hv the Old Dutch or Stack Process, Chem. (f 
Mel. Any., .32, 191 (1925). 

Ldoah, Tetraethyllead, Ind. Eiuj. Chem., .31, 1 139 (19.39). 




CHAPTER XXVI 

MERCURY AND COPPER 


The metals, mercury and copper, resemble each otlier in sevend 
respects. Botli occur naturally as suHides as well as in the free 
state, and both form two series of compounds in whicli the valence 
numbei-s are 1 and 2. In the activity series, both metals are below 
hydrogen. 

1 . Occurrence and Metallurgy of Mercury. Tiie piiiieipal ore 
is cinnebar or mercuric sullide. lIgS, Tliis ore occurs in the form of 
red deposits on rock which is crushed and heat(*d in a furnace. When 
the concentrated ore is healed in excess of air (roasting), the sulfur is 
converted to sulfur dioxide and the mercury vapor is condensed to the 
liquid metal which is collected in iron flasks. 

Before the Second World War, Italy and Spain produced most 
of the world’s supply of mercury. When these sources were no 
longer accessible, the United Stales and Mexico began to supply the 
market. 

2. Properties. Mercury is the only metal in llu' )i(piid stale* at 
ordinary temperature. Because of its low fn*e‘zing })oint (— 

high specific gravity (llbh), and low vapor pressure, it is the princi])al 
material used for filling thermometers and baromete rs. Me*rcur\ is 
dissolved by nitric acid but not by hydrochloric or sulluric acids. 

1. NN’rite an oqualie)n for llie? rracliem iik-iciu n (,«) ^vill^ elilati- iiiliii; jh i«J, 
(6) with concentrated nitric acid. 


3. Amalgams are alloys (solutions. compouii<ls, or mixtures) of 
mercury and one* or more olli(*r nu'tals. The> ma> be solid (»r ll(|iiid. 

Sodium amalgam is forine'd in the* pieicess tor the mainilae I iin' ol 
metallic sodium, while* gold amalgam is formed in the ree-o\i'i \ o( golel 
from certain ores. Amalgams of tin. silver, gold. etc., ate used b> 
dentists for filling teeth. 

4. Alercury Compounds. \ arions eonipoutiels ol mcr< iii > are 

listed in Table I. 
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Table I 

Formulas 

HgaCU 

HgCU 
Hg(CNO)2 

K2Hgl4 

HgS 

HgNH^CI 

5. Some Reactions of Mercury Ions, Hg+ and Hg"^, 

Hg"*" + Cr HgCI, HgjClj (mercurous chloride is insoluble in water) (1) 

or 

+ S- -- HgS (2) 

HgS + HNOs + HCI - HgCU + S + NO + HjO (3) 

aqua 

regia 

Exercises 

2. Balance Eq. (3) by gain and loss of electrons. What kind of reaction is it? 


HgCU + SnCU 

HgClj + SnCU 

(4) 

stannous 

white 


chloride 



HgCI + SnCU -» 

Hg| +SnCU 

(5) 


black 



3. Balance Eqs. (4) and (5) by gain and loss of electrons. What type of reac¬ 
tions are these? (These are the reactions used in qualitative analysis for the 
identification of mercuric ions.) 

An interesting and rather complicated reaction is that of mercurous 
chloride with ammonium hydroxide, which is used to identify mer¬ 
curous chloride in Group I. 

2 HgCl+ 2 NH 40 H -> HgNHiCi + Hg + NH^CI + 2HjO (6) 

(Hg 2 Cl 2 ) white black 

or 

2 HgCl+ 2 NH 3 HgNHsCI + Hg + NH 4 CI (7) 

mercuric 
amido chloride 

The two mercurous ions undergo mutual oxidation and reduction as 
indicated by the following equations: 


Uses 

Liver stimulant 

Poison, germicide, fungicide 
Detonator, percussion caps 

Used in testing for traces of 
ammonia 
Red pigment 
Ointments 


Names 

Calomel, or mercurous chloride. 

Corrosive sublimate, or bichloride of 

mercury. 

Fulminate of mercury. 

Nessler’s reagent, or potassium mer¬ 
curic iodide. 

Vermillion or mercuric sulfide. 

Mercury amido chloride. 
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NH. 

HgCI 


Cl 


1 + 


HgCI + ie- Hg® + C)- 

roppKU 

6. Occurrence an<l Me(allur»y of Copper. Tn the Lake 
Superior rejriou. copper is round alnnulaully in Ihe nali\e or unconi^ 
l)iued stale, in the Itocky iMonntain deposits (Montana. I tah. and 
\ri/oua) the principal ores are the sulfid('s, rludcopyrUe, (’.u.S-FciiS.i 
or CviheS-), and chdlcocUp, (.U 2 S. The removal oi* copper iVoni tlu*st‘ 
ores is a complex process. The details of the process, dependiufj upon 
tlic type or ore, involve several operations wiiich in principle may b(‘ 
described as follows: 

a. Concetdration. Low-^^rade ores are finely crushed and treated 
with an oil and water. The copper ore is preferentially wi'tted i)y the 
oil and floats on the surface (oil flotation) \\hih‘ the jjan^ue or silic(*ous 
material is wetted by the water and collects in Ihe wat(‘r layer. TIk* 
ore concentrate is then skimmed olV and, from tliis material, pun' 
copper is obtained by tlie followiii'r processes; 

b. fioashiuj or lleadntf in n Furnace irdh an blrcess of Air. Some 
of the sulfur is removed by oxidation, which c(>nv('rts a part of the 
iron in CuFeS 2 to Ft'O. Tlu' reaction may be* indicated as follows: 

2CuFeS. + 40, -- Cu,S + 2FeO + 330, 

The residue or "calcine" from Ihe roastinjr fninace is ('ssf'iitially a 
mixture of (Ti^S. Fi'S, FeO, and Si().> (impurity). 

c. Slagging {Smelling). T'he calcine fiom the roaslinjr furnaci' is 
heated with limestone w hich acts as n flu.r. Tht‘ caK'ium oxide from 
the limestone and tlu* ferrous oxich' react with tlu' silica rormin*; slag 
which is drawn ofl' in the molten stall* and discarded. The eipiations 
are as follows: 


CaCO. 

lillU'slotH* 

CaO f SiO, 
FeO + SiO, 


> CaO t- CO, 


-► CaSiOjl , 
- FeSioJ 


d. riedaclion. Tin* l•(*mainin^' mixluii' of (hi-,S and Fi'S. calk'd 
fnalte, is then healed in a ledui'tion fin nacc or convi'iler (1) lo remo\ e 
the residue of iron sulfide (by oxidation and sla^^^dn^O aiiil (2) to niliice 
the cuprous sulfide. The reactions are as follows: 
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2CuoS + 30. ^ 2 CU 2 O + 2 SO 2 

Cu.S + 2 CU 2 O -» 6Cu + SO 2 

llial llic oxide and the sulfide of copper are both reduced.) 
Final rrdnclion of CuoO is done by placing poles of wood in the molten 
metal. The carbon and carbon monoxide from the wood react with 
the CU 2 O as follows: 

CU 2 O + C ->2Cu + C0 
CusO CO —^ 2Cu “h CO 2 

The impure copper known as blister copper contains other metal impuri¬ 
ties and must be refined by electrolysis. 

7. Electrolytic Refining of Copper. Even very small percent¬ 
ages of impurities make copper unsuitable as an electrical conductor 
because of increased electrical resistance. The impurities usually 
present are silver, gold, iron, and nickel. These are removed by elec¬ 
trolytic refining. In this process, bai's of impure copper (anodes) and 
thin sheets of pure copper (cathodes) are placed in a bath of copper 
sulfate solution. When a direct current is passed through this arrange¬ 
ment, copper and more active metals dissolve from the impure bar, 
wliile only pure copper plates-out on the thin sheets. The metals 
less active than copper, platinum, silver, and gold, do not dissolve but 
finally fall to the bottom of the bath as anode mud. For the process 
to be satisfactory, the voltage must be properly controlled (0.4 volt). 
Too high voltage will cause all the metals to dissolve and plate-out 
iogetlier. With too low voltage, no plating will occur. The reactions 
are as follows: 

At the anode of impure copper: At the cathode of pure copper: 

Cu® _ Cu-*-+ -1- 2e- Cu++ -t- 2e^ Cu° 

Fe'’ - Fe++ -h 2e~ 

-|-2e- 

Ni* - -1- 2e- 

Pt ^ no action 
Ag —♦no action 
Au —* no action 

The electrons produced at the anode are forced through the 
external electrical circuit by the generator and, in turn, these electrons 
are used at the cathode. Tlie positive copper ions migrate away 
from the anode (-[-) toward the cathode ( —). The sulfate ions remain 
in the solution. 

The anode mud is removed and treated to recover the noble metals 
that it contains. The copper sulfate solution must be removed from 
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tm. to li,ne so that it can be purified of iron, ziue, niekel, and similar 


Fxcroisc 

■{. Construct a lHl)el('(l diagrain for |||(> idorirolvilr fiw.t ... r • 
as to represent all the essential materials ami changes. ‘ "" 

8. Properties and Uses of Metallie Copper. Copper lias a hifth 

electrteal conduct.v.ty, a l,i,d. heat eondue.ivi.y, and a eoiKsideraWe 

resis anee to corros.ou, as well as relatively lush ten.sile strenslh 

Its electrical uses are well known. Pure copper is also often used fo.' 

kettles and other confaineis used for heating and boiling liquids This 

use depends upon its high heat conductivity and resistance to corrosion 

Copper IS present in com, non alloys such as brass, b.onze, and monel 

metal, which has an unusually high resistance to corrosion and a low 

heat conductivity. A small percentage of copper in steel increases 
its resistance to corrosion. 

9. Bordeaux iVlixtiire. This widely used spray material is pre¬ 
pared by mixing a solution of copper sulfate with lime in the proper 

proportions. In the reaction, a bluish-white insoluble suspension is 
formed according to the equation 


CUSO4 + Ca(OH)2 


Cu(OH)2 + CaSO, 

I)liu* white 


This mixture is generally prepared just before using and issprayt'd 

upon potatoes and other crops to kill l)Iighl and certain insei'ts. 

(Details may be obtaitu'd from agricultural experiment station 
bulletins.) 

10. Fehling s Solution an<l Benedict''s Solution. These solu¬ 
tions are essentially alkaline solutions of copper ion. (;.u++, atid are 
used by clinical laboratories in testing for r(*ducing sugars, e.f/., glucost*. 
in urine. Such tests are necessary in the diagnosis of diabetes, a dis¬ 
ease of the kidneys. A positivi' test for tin* prcMUice of the reducing 
^gar is the piecipitation ot bright r(‘d (or yellow) cuprous oxide, 
CU 2 O. Note that the cupric ion is n^duccd. ► (ai+ (in (IU 2 O). 

Fehling's sohidon is made up in two separate containers: (1) solution 
of copper sulfate and (2) solution of sodium potassium tartrate and 
sodium liydroxide. The two solutions are niix(‘d at the time when 
the test is made. Benedict's solution is a singh' solution of copper 
sulfate, sodium citrate, and sodium carbonate. Because it is stable 
and more convenient to use, Benedict's solution has replaced I Vhling’s 
solution in many laboratories. 



216 


GENERAL AND APPLIED CHEMISTRY 


[Chap. XXVI 


11. Some Reactions of Copper and Copper Ion. The metal, 
copper, will not displace hydrogen from hydrochloric acid, since it is 
below hydrogen in the activity series. With hot concentrated sulfuric 
acid, copper forms copper sulfate, sulfur dioxide, and water. The 
sulfuric acid when hot and concentrated is an oxidizing agent. Nitric 
acid, both dilute and concentrated, also reacts with copper. 

When a solution of copper sulfate is evaporated, the hydrate, 
CuS 04*5H20, called blue vitriol, is crystallized out. This hydrate, 
when heated, loses the combined water, forming white anhydrous 
copper sulfate (dehydration). If anhydrous copper sulfate is placed 
in alcohol containing only a small percentage of water, a blue color 
will be observed which constitutes a test for traces of water in a sample 
of alcohol or other liquid. 

Copper ion is readily precipitated by hydrogen sulfide, forming 
black copper sulfide which is soluble in dilute nitric acid. The equa¬ 
tions for these reactions are as follows: 

Cu++ + S-- — CuS 

skeleton form 

CuS + HNO3 — Cu(N03)2 + S + no + H2O 
dilute 


Exercises 

5. Write equations for the reaction of copper (a) with hot concentrated sulfuric 
acid, (b) with concentrated nitric acid. Indicate what substances are oxidized 
and reduced in each case. 

6. Calculate the weight of water lost in the dehydration of 100 lb. CuSOvSHaO. 

7. Balance the equation for the reaction of copper sulfide with nitric acid. 
What substance is o.xidized and what substance is reduced? 

When ammonium hydroxide is added in excess to a solution con¬ 
taining cupric ions, a beautiful deep blue color is produced, o>ving to 
the formation of the complex copper ammonia ion, Cu(NH3)4'^, also 
known as the teirammino copper ion. This is a very characteristic 
test for the presence of cupric ions in a solution. When the ammo- 
niacal solution is acidified, the complex ion is decomposed. The 
equations are as follows: 

NH3 + HjO NH40H 

CU+++ 4 NH 3 Cu(NH3)4++ 

Cu(NH3)4+^-+ 4H-^ ^ CU++-1-4NH4+ 

The cupric ion also reacts wdth the ferrocyanide ion from potassium 
ferrocyanide, K4Fe(CN)6, forming insoluble reddish-brown cupric 
ferrocyanide, as follows: 
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2Cu++ + Fe(CN)6-Cu-,Fe(Clvj) 


W, h sodium hydroxide, cupric ion forms cupric hydroxide, a 
ight blue gelatinous substance, ivhich is readily converted bv heating 
to black cupric oxide, as illustrated by the following equations: 

Cu++ + 20H--. Cu(OH), 

Cu(OH) 2-> CuO + H 2 O 

heat 

SUGGESTED HE.VDING 

J- cal ion. 5, 

Howard, The Story of Copper, J. Chcm. IS,local Urn. 6, ll.i (1929). 



CHAPTER XXVII 

IRON AND STEEL 


Among the common metals, iron ranks first in industrial import¬ 
ance. Steel, which is impure iron containing small amounts of car¬ 
bon and otlier elements, is a most essential industrial material. 

1. Occurrence of Iron. Although iron ranks as the fourth metal 
in abundance in the earth’s crust, it is believed that the core of the 
earth is composed largely of iron. There are three important ores of 
iron: hematite, Fe 203 ; magnetite, Fe 304 ; and limonite, 2 Fe 203 * 3 H 20 . 

Exercise 

1. Calculale the percentage of iron in each of these oxides. 

Hematite is a red oxide which is found abundantly in the Lake 
Superior region (Michigan and Minnesota). The red color of certain 
soils and rocks is due to the presence of hematite. Magnetite is a 
black oxide and, as the name implies, it has magnetic properties. 
Large deposits of magnetite and hematite are found in the Appa¬ 
lachian range from New York State to Alabama. In the early years 
of the iron industry, Pennsylvania deposits were worked extensively. 
The richer deposits of the Lake Superior region have been more profit¬ 
able as a source of iron and so, in recent years, the industry has shifted 
westward. Some of the iron furnaces erected in central Pennsylvania 
during the Revolutionary War period are still in existence. 

2. Reduction of Iron Ore. Blast Furnace, Iron ore mixed 
with coke and limestone, in calculated amounts, is placed in a tall 
cylindrical furnace witli sloping walls, known as a blast furnace, so 
named because hot air is blown into the furnace to convert the coke 
to oxides of carbon and to produce the heat required for some of the 
reactions. The structure of a modern blast furnace is shown in Figs. 
1 and 2. The height of the blast furnace varies from 75 to 100 ft., 
and the maximum diameter is about 25 ft. Air is preheated in tall 
cylindrical chambers called stores containing firebrick which are heated 
by burning gas from the blast furnace. The hot air, under pressure, 
is blown into the lower part of the furnace through tubes called tuyeres* 
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Fig. 2. External \'iew of a modern blast furnace. {Republic Steel Corporation.) 


to carbon monoxide. 


CO2 c 


2CO 


The ore is reduced by the carbon monoxide to iron in a series of reac¬ 
tions in tlie upper part of the furnace. 


Fe-Os —► FeaO* 

Fe-'Os "F 3 CO 


FeO —» Fe 
2Fe + 3008 


The limestone (flux), decomposed by heat near the center of the 
furnace, supplies calcium oxide which combines wnth the sand or sili¬ 
cate rock in the ore and forms slag. 


The principal chemical reactions that occur in the blast furnace 
are as follows: 

The hot blast of air entering the base of the furnace causes the 
coke to burn to carbon dioxide and raises the temperature to about 

2000 °C. 

C O 2 CO 2 


The carbon dioxide in passing upward through the hot coke is reduced 
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CaCOj CaO + CO. 
CaO -j- Si02 —♦ CaSiOa 


All iron ores are admixed witli more or less rock. This rock may 
be essentially calcium or magnesium carbonate, or it may contain 
considerable sand or silicate rock. The flux used in a blast furnace 
aids in the separation of tlie rocklike materials from tlie iron. Tliis 
may be accomplished because at high temperatures any basic oxide 
(metallic oxide) will unite with any acidic oxide (nonmelallic oxide) 
to form an easily fusible slag that will float upon, but not mix with, 
the molten iron at the base of a blast furnace. The flux must be 
properly chosen in order that slag formation will occur. 

The molten iron is drawn off at the bottom of the furnace, and liie 
molten slag is drawn off at a slightly higher level. Slag may be 
rejected or it may be used in road construction or in the manufacture 
of Portland cement. 


The gases tliat are drawi\ off at the lop of the furnace are CO, CO2, 
and N2 from the air blast. The mixture, known as hlast-fiirnace 
is used for preheating tlie air. as previously desi ribed. and for power. 

The raw materials and products of the blast-furnace process may 
now be summarized. 


Baw Materials 
Iron ore, Fe.Os \ 

Coke, C I Cliar^e 

Limestone, CaCOs) 

Air, O 2 , Nj 


Proiluets 

Cast iron, Fe -|- C, etc. 
Slafi, CiiSiO,! 

(Jas, CO, CO.. N. 


F 


xereises 


2. Which of ttie blasl-furnin-e reactions are indicatt'd as n‘\a*rsil)!ei* What 
factors control the reversibility? 

3. An ore contains miiclt adini\<‘d linu'sloiu'. \\ hat should be used as ilux in 
this case? Write eiiuations for the r<‘a< lions tliat occur. 

4. Why is the heating value of blast-furnace gas lo\\4*r than that of wat<*r gas? 

5. (a) Construct a neat diagram showing the shape and nial<*rials of 4-onstruc- 
lion of a blast furnace. 

(6) Indicate the four raw matcu ials and their points of 4‘ntry into the furmaai. 

(c) Indicate the thret' |)roducts, their composition, ami points of jaunoN al. 

6. Write equations showing the formation of t‘ach of the sid)slatic4*s fortned in a 

blast furnace. 

3. Cast Iron. The iron iirodiiccd in Ihe blnsi furnace conlains 
from 2 to 4.5 per cent carbon and varying amounts of silicon, manga¬ 
nese, phosphorus, and sulfur. Ih'cause of these impurilies. cast iron 
is quite brittle and of low tensile strength. 4’hese properties limit tlie 
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use of cast iron to the construction of articles that are not likely to 
sustain mechanical stress or shock, e.g.^ machine bases, radiators, 
stoves, and >\'indow weights. The molten iron upon removal from the 
blast furnace may be cast into bars known as pig iron or transferred 
wlule liot to an open-hearth furnace or to a Bessemer converter where 
it is converted into steel. 



F'lo. 3. I^Iicroscopic structure of wrought iron, longitudinal section (X 100). 

The black areas indicate slag. (.-t. M. Byers Company.) 

4. Wrought Iron. The purest form of commercial iron, con¬ 
taining only about 0.1 per cent carbon and about 1 per cent slag, is 
known as wrought iron. INIelted cast iron, mixed with iron oxide in 
the form of ore or rusty scrap iron, is placed in a puddling furnace 
with an arched roof of refractory brick to reflect the flames from the 
heartii. The oxide in the charge oxidizes the carbon, phosphorus, 
silicon, and manganese. The carbon dioxide escapes, and the oxides 
of phosphorus, silicon, and manganese form a slag. A pasty mixture 
of iron and slag formed during the stirring or puddling process is 
removed in large masses, or blooms, and worked to remove most 
of the slag. The presence of thin layers of slag in the iron contributes 
the properties of toughness and tensile strength to the iron. The 
production of wrought iron in the puddling furnace requires much 
labor and skill. 

A more efficient method, known as the Aston process, was developed 
in 1925 by James Aston for the A. M. Byers Company of Pittsburgh. 
In this process, a specially refined iron in the molten state is poured into 
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a specially prepared molten slag. The iron, which absorbs some slag 
IS compressed into blooms and then rolled into bars or billets. 

In consequence of the high degree of toughness, tensile strength 

malleability, and resistance to eonosion po,s.se.ssed by wrought iron 

it is used for making pipe and tubing, chains, cables, and malleable- 
iron grilhvork. 

5. Steel. Cast iron and wrought iron do not have sulTieient hard¬ 
ness and tensile strength (see Table I) to permit their use in the manu¬ 
facture of machinery, tools, railroad rails, and bridges. The properties 
of iron and steel depend upon the percentages of carbon, silicon, 
manganese, phosphorus, and sulfur present, as well as upon the heat- 
treatment. The convereion of cast iron to steel consists mainly in 
reducing or removing the carbon, silicon, and other impurities in the 
iron by oxidation and slag formation. 


T.vblk I 

Composition and Phopmhties ok Iuon and Steei. 



Pig iron 
(east iron) 

rouglit iron 

Or<linary sterl 

Carbon, % . 

2 to t.r> 

Ia‘ss I han 0.2 1 

0.1 to 0.5 

Other elements 




present. 

|Si, Mn.S, P 

KeSiO;,, slag 

Mn (Si, S. P, in itiinutc 




amounts) 

Properties. 

Hrittle. liard; 

Malh‘al)le, tougti, li- 

IVojHTlies will vary 


low li'iisile 

1 

t)r<nis, rela(i\(‘ly soft; ' 

with C eontant and 


strength 

inlerm('(iiat<‘ tt'ii.sile , 

lH“at-lr4*alm«‘nl: gcai- 



strength 

4*rally lugli tensih* 




strengttf 


Over 75 per cent of the cast iron or pig iron j)i(Kluced in the blast 
furnace is converted into steel. W(‘ shall now consider briefly th(^ 
main processes for the manufacture of steel. 

6 . Bessemer Process. This process is naim^d after Sir Henry 
Bessemer, who introduced it in 18.55. The B(*ssemer converler is an 
egg-shaped vessel mounted on bearings so that it <'an be tipped for 
pouring the molten steel (Fig. I). A 15-ton <‘on\ert(‘r is about 12 ft. 
in diameter and 20 ft. high. Its lining usually consists of a siliceous 
(acidic) material and, in general, low phosphorus iron is used, heiuM* the 
name acid Bessemer process. 

Cast iron from tlie blast fnriuuf*, and still in tin* lifpiid slal(\ is 
poured into the Bessemer eonvert(*r. (’ompi(*ss«M] air is eondueled 
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lliiougli tlu' liollow side mounting (Irunnion) inlo the base (wind box) 
of the converter and blown up through tuyeres into the molten cast 
iron to oxidize the carbon, silicon, and other impurities to the corre¬ 
sponding oxides. The blowing operation requires only 10 to 15 
ininules. When (he air is iii*st turned on, a shower of sparks followed 
by a brown smoke is produced as the manganese and silicon are oxi- 



Fig. t. The Bessemer converter. {United Slates Steel Corporation.) 


dized. After about 5 minutes, the brown smoke is replaced by a 
brilliant Maine sometimes 30 ft. in heiglit, which is produced by the 
oxidation of the carbon. The order in wliich the oxidation of the 
elements proceed is determined by the amount of heat liberated during 
their oxidation. (For example, the heat produced in formation of 1 
gram mole of oxide is greater for Si02 than for CO.) The control of 
the process depends upon the size and the color of the flame. Com¬ 
plete oxidation of the carbon is indicated by the sudden drop of the 
brilliant flame. Further blowing would oxidize a considerable amount 
of iron. 

The manganese, silicon, and phosphorus are oxidized first, and 
then the carbon and sulfur. The air blast is stopped as soon as the 
carbon is oxidized and before much iron is oxidized. The gaseous 
oxides escape, and the solid oxides combine \Wth one another or with 
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an oxide from llie lining of the converter to form an easily fusible slag 
which floats on the surface of the molten iron so that it may be removed 
separately. 


Exercises 

7. Write balanced equations for the foniialion of SiOa, MnO, P 2 O 5 , CO,. SO; by 
the reaction of oxygen with the corresponding elements in the Hesst'mer converter. 

8 . Write balanced equations for the formation of ferrous silicate, manganous 
silicate, calcium silicate, tricalcium phosphate, from the correspomling oxides, as 
occurs in the Bessemer process. 


If the amount of phosphorus is high, a basic lininff (lime brick) 
is used, and the last two reactions of Exercise 8 are of major importance 
in the slag formation process. If phosphorus is low, an acid liniraj 
(silica brick) is used, the last two reactions are unimportant, and but 
little phosphorus is removed. 

After oxidation and slag formation have removed impurities as far 
as possible, the charge is poured into a ladle. Calculated amounts of 
carbon and any other alloying elements are then added to obtain a 
steel of the desired composition. At the same time, a small amount 
of a deoxidizer or scavenger, such as metallic manganese, aluminum, 
or titanium, is added. These elements react with iron oxide or with 
nitrogen, oxygen, or carbon monoxide gases in the steel and thus pre¬ 
vent flaws and gas bubbles in the finished product. 


Mn + FeO 
2AI + 3CO 


MnO + Fe 
AI 2 O 3 -F 3C 


The oxides thus formed pass into the slag, and the steel is (lu n ready 
for casting into ingots. 

7. Open-hearth Process. About 100 tons of steel can be made 
ill one “heat” in the open-hearth furnace (Fig. 5). The time ic(]uired 
is about 10 hours. The hearih is a shallow basin about .10 It. long and 
about 2 ft. deep, which is lined wilh a basic material containing cal¬ 
cium and magnesium carbonate; hence the lerm has-ic opcn-hcarUi 
process. This type of lining makes it possible to liandle iron higher 
in phosphorus than the iron used in the acid Hesseiner piocess. 

The fuel gas and air pass through separate h»‘ate<l charnbeis con¬ 
taining loosely laid firebrick, before eniciing the heal th. 1 he iiiteiisi' 
heat from the burning gas is reflect(*d downward into the cliaige b> 
the low roof just above it. 'I'he hoi gases pass from I lie heart li I hrougli 
a second chamber of biosely laid brick wliich is healed to a high tem¬ 
perature. The flow of gases is then reversed so that llie lirsl pri'heat- 
ing unit, now cooled, can be heate<l again. 1 his ingenious inclli(Ml ol 
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conserving fuel and maintaining a high temperature is known as the 
Siemens-Marlin regenerative system. 

The cliarge of an open-hearth furnace always includes a certain 
amount of ferric oxide (rusty scrap iron or hematite) in addition to 
cast iron. Tliis serves as an oxidizing agent to convert carbon, silicon, 
etc., into oxides. The ferric oxide thus replaces the oxygen of the 



Fig. 5. The open-hearth furnace including the regenerative system. {United 

States Steel Corpora/fon.) 


air blast of the Bessemer process in that it acts as the oxidizing agent 
for tlie impurities. Slag formation and scavenger action follow the 
same principles as described in connection with the Bessemer process. 

More than tliree-fourths of American steel is now produced by the 
open-hearth process. Some of tlie advantages of the open-hearth 
process as compared \vith the Bessemer process are (1) more accurate 
control of the temperature and the composition of the metal and (2) 
use of scrap iron and iron from low-grade ores. 

8. Electric Steel. An electric-arc or induction furnace (Fig. 6) 
allows closer control of temperature and other conditions, and such 
piocesses an? often used for production of special alloy steels. The 
principles involved are identical with those described above: (t) oxi¬ 
dation of impurities in iron, (2) slag formation, (3) scavenger action, 
(4) addition of desired proportions of carbon and alloying elements. 



























IRON AND STEEL 


2S8 


GENERAL AND APPLIED CHEMISTRY 


[Chap. XXVII 


9. Alloy Steels. The addition of other metals to steel increases 
the tensile strength, hardness, and other important properties. These 
properties are very essential in steel used in the manufacture of axles, 
gears, and springs of automobiles, and other special uses. A number of 
alloy steels with some of their properties and uses are indicated briefly 
in Table II. 


Table II 

Some Alloy Steels 


Alloying elomonts 

Properties 

Uses 

1. Chromium. 

Resists corrdsion 

Cutlery 

2. Chromium-tungsten. 

Retains temper when red 
hot 

High-speed tool steels 

•S. Chromium-vanadium. 

Resists wear and shock 

Gears, axles 

-1. Manganese. 

Resists wear 

1 

Railway rails and rock 
crushers 

.'i. Molvhdenutn. 

1 

Resists heat and wear 

Gears, axles, tools 

6 . Nickel. 

High tensile strength 
Resists corrosion 

Bridge cables and trusses 

T. Nickel-< hromium. 

Very hard and tough 

Armor plata 

8 . Vanadium. 

Resists sliock and fatigue 

Automobile springs 


Exercises 

9. What type of alloy steel would be needed for the construction of a high- 
pressure reaction chanil)er for the synthesis of ammonia? 

10. NN hat alloy of steel has been responsible for the development of the modem 
metal-machining industry? 

10. Teiiapering of Steel. The hardness of steel can be controlled 

by the heat-trcatrnent. Carbon forms a compound with iron, FeaC, 
known as cernenlite. When steel is cooled slowly, the cementite 
erystallizes as separate particles, and the steel is very soft. On the 
otlier hand, if the steel is cooled rapidly by immersing it in water or oil 
{quenching), tlie cementite exists in an unstable, supersaturated, solid 
solution, and the steel is very hard and brittle. Tempering is done by 
reheating quenclu'd steel to give it the desired hardness. When the 
steel is reiieated, it becomes softer and less brittle, owing to the partial 
separation of cementile. 

11. Some Rcaelioiis of Iron and Its Ions, Iron, being above 
liydrogen in the activity series, reacts with hydrochloric and sulfuric 
acids, forming ferrous chloride and ferrous sulfate, respectively, and 
hydrogen. 
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Fe + 2HCI FeClj + Hz 
Fe + HjSO* - FeSO* + Hj 

Ferrous compounds are easily oxidized to ferric compounds by 
nitric acid and other oxidizing agents. 

eFeSO* + 2 HNO 3 + SHjSOi SFezCSOda + 2NO + 4 H 2 O 

Ferric thiocyanate, a deep-red compound, is formed from ferric ions 
and thiocyanate ions. 

Fe++^- -H 3CNS- -> Fe(CNS), 

Ferric ferrocyanide {prussian blue), used for laundry bluing, is formed 
from ferric ions and ferrocyanide ions, 

4Fe+++H-3Fe(CN).-Fe4Fe(CISi)el3 

The two reactions just described constitute very delicate tests for 
the presence of ferric ions in solution. 

Ferrous ferricyanide {Turnbull's blue) is formed from ferrous ions 
and ferricyanide ions. 

3Fe++ + 2Fe(CN)«— ^ FealFeCCN)*]: 

This reaction is the basis of a well-known process for making blueprinfs. 

12. Blueprinting. Sensitized paper containing ferric ammonium 
citrate and potassium ferricyanide is placed under a dra\> ing on tracing 
paper and exposed to bright light. The ferric ions are reduced to 
ferrous ions by the effect of the light, and the ferrous ions react with 
the ferricyanide ions forming TurnbuU’s blue, Fe3[Fe(CN)6]2, as indi¬ 
cated in the above equation. Under the black lines of the drawing, 
no ferrous ions are formed and no blue color (TurnbiiH’s blue) is pro¬ 
duced. When the paper is developed, the white lines of the drawing 
appear on a blue background. 

SUGGESTED READING 

-, Graphic Story of Steel, J. Cheni. Kducalion, 20, 91 (1913). 

CnooK, Alloy Steels and Their Uses, J. Chem. Education, 4, 583 (1927). 



CHAPTER XXVIII 


ALUMINUM, CHROMIUM, ZINC, MAGNESIUM 

The metals aluminum and magnesium now have a very prominent 
status, particularly in the airplane industry, because of their lightness 
and tensile strength. Chromium is used in the manufacture of a great 
many alloys including stainless steel and tool steel. Its compounds 
are used extensively as pigments. The manufacture of brass and 
galvanized iron requires large quantities of zinc. The chemical prop¬ 
erties of these metals and their compounds are quite diversified. In 
the qualitative analysis, however, use is made of certain common 
properties, e.g., the amphoteric properties of aluminum, chromium, 
and zinc. 


ALliMliMIM 

1. Occurrence. Aluminum is the most abundant metal in the 
earth’s crust and is tiie third most abundant element. It is never found 
naturally in the free state. Feldspar, KAlSisOs, and clay (impure 
kaolin, HAlSi 04 ) are very abundant aluminum-bearing materials but 
are not used as a source of the metal because recovery is too expensive. 
Bauxite (impure Al 203 * 2 H 20 ) and cryolite, NaaAlFe, are the materials 
used ill the process for obtaining metallic aluminum. Workable 
deposits of bauxite occur in Arkansas and Georgia, in Dutch Guiana, 
and in Russia. Cryolite is obtained from Greenland or by a synthetic 
process. 

2. Production, The Hall-Heroult Process, Paul Heroult and 
C’harles M. Hall, in 1886, independently discovered the modern elec¬ 
trolytic process for extracting aluminum from purified bauxite. It is 
interesting to note that both of these men were of the same age 
(twenty-two) and that both discovered (he same process. Tlie cur¬ 
rent price of aluminum is less than 20 cents per pound. 

Bauxite is first purified to separate it from admixed iron oxide and 
other impurities, and the purified bauxite is then dissolved in molten 
cryolite. The resulting solution is electrolyzed, whereupon molten 
metallic aluminum is liberated at the cathode and collects at the bot¬ 
tom of the cell. 
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Oxygen is liberated at the carbon anodes where it forms carbon 
dioxide. As the AhO, is consumed in this process, fresii quantities 
of bauxite are added to tlie bath. The important parts of the diagram 
to be especially noted are the carbon lining of the cell which acts as 
cathode, the tap hole for removing aluminum, the carbon anodes, the 



Bus Bar 
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Electric 
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Carbon 

T.^nin g W^/v/ 






Molten Electrolyte 
Molten Aluminum 
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Alumina 


Collector 

Plate 


Fio. 1. 


Diagram of the electrolytic cell for [irodnction of aluinimim 

{'.ompany of America.) 


(The 


composition of the electrolyte, and llie materials liberated at eacli 
electrode. 

Exercise 

1 . Keproduce the labeled diagram of the tdectrolytic cell iistnl for making 
aluminum. 


3. Properties and Uses. The outstanding physical properties 
of aluminum are its low specific gravity (2.71) and its high tensile 
strength. It is ductile and malleahle at ordinary temperatures. It 
is a better conductor of electricity tliaii copper, on tlie basis of e(|ual 
weights of tlie two metals. 

The use of aluminum in cooking utensils is known. Because 
of its lightness and strength, the metal is now used extensively in tin* 
construction of aircraft, automobiles, and railway cars. Tlic nieclian- 
ical properties of aluminum are much enhanced when alloy<‘<1 with 
other metals. For this reason, the various alloys of aluminum are 
extensively employed in structural work. 
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4. Aluminum Alloys. The principal alloys are Dowmetal, 
duralumin, and magnalium (see Sec. 19). It is to be noted that the 
very low specific gravity of magnesium (1.74) makes the alloys that 
contain it much lighter than pure aluminum. Alloys of aluminum 
are harder and more easily machined than the pure metal. 

5. Corrosion of Aluminum. Aluminum metal is quite resistant 
to the action of ordinary air and moisture because any exposed surface 
is quickly covered \vith an adherent layer of aluminum oxide. This 
layer is so thin as to be invisible, but it protects the metal underneath 
from furtlier corrosion. This behavior is in marked contrast to the 
rusting of iron. Aluminum is readily corroded and dissolved by strong 
bases such as sodium hydroxide, 


2 AI -f 2 NaOH -f 2H2O 


and by acids. 


2 AI + 3H2SO4 


2 NaAI 02 + 3H2 

sodium metaaluminate 
-»AlaOOda + 3H2 


6. Thermite Process. When powdered aluminum and iron oxide 
are intimately mixed and then ignited by means of a burning mag¬ 
nesium ribbon or some flashlight powder, or other means, a violent 
reaction occurs. 

2 AI Fe203 —* 2 Fe -F AI2O3 -F heat 


So much heat is liberated that the entire mass is heated to 3000°C., 
and the iron is heated far above its melting point. The process is 
used for certain special welding operations and for incendiary bombs. 
A related process utilizing Cr 203 or lVIn02, instead of Fe203, is used to 
produce metallic chromium or manganese. 

7. Alums. Potassium aluminum sulfate or potash alum has the 
formula, KA 1 (S 04 ) 2 T 2 H 20 . This may also be wTitten, K 2 S 04 *Alr 
( 804 ) 3 ' 24 H 2 O. All the alums are sulfates of a 1-vaIent and a 3-valent 
metal. Examples: 

Na 2 S 04 Al2(S04).T24Fl20 (soda alum) 

(NFl 4 ) 2 S 04 Fe2(S04}3-24H20 (ammonium ferric alum) 

K 2 S 0 i Cr2(S04)3-24Fl20 (potash chrome alum) 

Note that the last two compounds contain no aluminum but are 
nevertheless classed as alums. Alums are made by dissolving the 
proper sulfates in water in the proper proportions and then allowing 
evaporation and crystallization to occur. As alums crystallize readily, 
very large single crystals have been made. All the alums are iso- 
morphous; Le., they have the same crystalline form. Alums have a 
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multitude of uses, such as iii water purification, dyeing, tanning, and 
in certain baking powders. 

8 . Aluminum Hydroxide. Tiiis compound may be made by 
addition of ammonium hydroxide to the solution of an aluminum salt. 

AI+++ + 30H- AI(OH)j 

It is a flocculent, gelatinous, almost colorless precipitate, useful in 
dyeing and in water purification. For the latter use, Al(OII )3 is 
usually made by the reaction of hydrated lime, Ca(OH) 2 , with alum 
or aluminum sulfate. 

AIj(S 04 )j + 3Ca(OH)3 - 2AI(OH)3 + SCaSO^ 

For use in dyeing, aluminum hydroxide is usually made by hydrolysis 
of the aluminum salt of a weak acid. Hydrolysis is brought about by 
boiling, 

2AI(C.H302), + 6HoO -* 2AI(OH)j + eHC-HaOj 
aluniiiunn acetate 


The formula A1(0H)3 is used only for convenience, since the composi¬ 
tion of the precipitate does not correspond with this formula. The 
analysis of the precipitate varies with the conditions of formation and 
drying so that the true formula is probably AhOa rlbO. The term, 
hydrous oxide, is applied to such compounds; silica gel, Si 02 xll 20 , is 
another illustration. 

9. Amphoteric Nature of Aluminum Hydroxide, An ampho¬ 
teric hydroxide is one that will react either as an acid or as a base. 
Thus aluminum hydroxide may ionize in either of the following ways: 

Al(OH)} Al'*"*"*' -f- 30H~ (iuni/alion as a base occurs in the presence of an 

acid) 

AI(0H)3 H'*’ + AlO:" + HjO (ionization as an a<'id occurs in presence of 

inetaaluminate a strong base) 

ion 


In more detail, the reaction of Al(Otl)3 as a base may be illusiralt'd 

thus. 


or 


AI(0H)3 + 3HCI -» AlCl, + 3HnO 

A1(0H)3^^AI++^ + 30H 
3HCI 3C|- + 3H+ 

T 


,. 

I 


AlClj 3H20 
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Reaction as an acid: 

AIC0H)3 + NaOH NaAlOj + SHzO 

AI(0H)3 AlO.- + H+ + H 2 O 
NaOH -t=r* Na+ + OH- 

i It 

NaAlOa 2 H 2 O 

10. Aluininiini Oxide and Aluminum Chloride. Corundum 
and emery are natural forms of aluminum oxide, AI2O3. Because of 
their liardness, these compounds are used as abrasives. A synthetic 
abrasive and refractory called alundum is made by fusing bauxite in 
tlie electric furnace. 

Impurities in the native aluminum oxide impart beautiful colors 
forming tlie well-known and highly prized gems, e.g., ruby (red), 
sapphire (blue). These gems are also made synthetically and are 
difficult to distinguish from the natural forms. 

Anhydrous aluminum chloride, AICI3, is an important compound 
used in synthetic organic chemistry. Its use depends upon the fact 
tliat it forms numerous addition compounds. The preparation of 
certain dyes and a cracking process for making gasoline make use of 
aluminum chloride. 

11, Portland Cement. This important building material is 
usually manufactured from clay and limestone, and small amounts of 
certain other materials must be present. In some regions these sub¬ 
stances are found naturally in the proper proportions. The manu¬ 
facturing operations consist in grinding and mixing, then heating 
strongly until partial fusion occurs, and finally, pulverizing to produce 
a gray powder. When made into a paste with water and with or 
without sand and/or other filler, this material will harden or set into 
a solid mass. This vdW occur as well under water as in air. The 
composition of portland cement may be expressed as CaO, AI2O3, 
Si 02 , although these oxides are combined to form various complex 
aluminates and silicates, e.g., SCaO AhOs, tricalcium aluminate and 
3Ca0 Si02, tricalcium silicate. The hardening or setting process 
involves the reaction of water ^^^th these compounds (hydration and 
hydrolysis). 

Concrete is a mixture of cement, sand, and crushed stone or gravel, 
the proportions depending upon the purpose for which the concrete 
is to be used. 
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CHUOMIUM 

12 . Occurrence and Metallurgy. Chrorniuni is one of the less 

common metals and occurs mainly in the ore, chromite, Fe(Cr 02)2 

The United States is largely dependent upon foreign sources for tins 

ore which is imported from Turkey, New Caledonia, the Philippines 
India, and other countries. 

Impure chromium known as ferrochrome, Fe and Cr, is obtained 
by reduction of chromite ore by carbon in tlie electric furnace. 

Fe(Cr 03)2 + 4C —+ Fe -j- Cr + 4CO 

Ferioclirome is used in the steel industry. Pure chromium may he 

obtained by reduction of chromic oxide, ('.loO,, by aluminum 
(Sec. 6). 

2AI + Cr-jO) -> 2Cr + AUOj 

Electrolytic chromium is deposited from an electrolyte of chromium 
sulfate, Cr 2 (S 04 ) 3 , and other cinomium compounds, c.r/., CrOa, dis¬ 
solved in water. The chromium-plated attachments of the modern 
automobile are familiar to every car owner. Chromium-plated steel 
has a bright and attractive appearance and is highly resistant to cor¬ 
rosion. The pure metal is hard and brittle and possesses a bright 
luster resembling silver. 

13. Compounds of Chromium. The variable valence of 

chromium ( + 2, -|-3, +6) makes possible a considerable variety of 
compounds: 


CrO.... 

CrjOj... 

Cr0.i... 

KjCrO,. 

K2Cr2()7 


Chronious oxide 
Chromic oxid(i 
Chromium trioxide 
Potassium chrotJiale 
Potassium dictiromale 


Black 

Green 

Bed 

Yellow 

Orang*; 


The lower valent compounds of chromium are reducing agents, and 

the higher valetit compounds are oxidizing agents. The following 

equation is an illustration of the use of potassium dh'hroinate as an 
oxidizing agent: 


KjCrjO; -F 14HCI 2KC1 + 2CrCl3 + 3Clj + 7HoO 

The oxidation of a 3-valent chromium compound is illusfraled by the 
reaction of chromic chloride with sodium peroxide. The sodium per¬ 
oxide is reduced. 
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2CrCl3 + SNasOz + 4NaOH 2 Na 2 Cr 04 + SNaCI + 2 H 2 O 
green yellow 

This reaction is commonly used in the qualitative separation (Sec. 
14) of aluminum and chromium ions. 

14. Some Reactions of Aluminum and Chromium Ions. 
Both metals are commonly encountered in solution as 3-valent positive 
ions, A1+++ and Cr^^, and can be precipitated by NH4OH or NaOH. 

AI+++ + 30H- — AI(OH)3i (white) 

Cr+++ + 30H* —V Cr(OH)3l (green) 

The formulas Al(OH )3 and Cr(OH )3 are used for convenience only, 
since the corresponding compounds cannot be recovered from the 
precipitates. These precipitates are apparently hydrous oxides; i.e., 
AI 2 O 3 and CrsOa loosely combined with a variable and indefinite pro¬ 
portion of water which is gradually lost during any attempt to dry the 
precipitates. The precipitates are soluble in excess of a strong base 
such as NaOH. 

AI(0H)3 + NaOH — NaAIO^ + 2 H 2 O 
Cr(OH )3 + NaOH -» NaCrOj + 2 H 2 O 

sodium meta- 
chromite 

If an oxidizing agent such as Na202 or H 2 O 2 is present during the above 
reaction, the NaCr 02 is oxidized to Na 2 Cr 04 , but the NaA 102 remains 
unchanged. 

2NaCr02 + SH.Oj + 2NaOH ^ 2 Na 2 Cr 04 + 4 H 2 O 

When the resulting solution is acidified (after removing excess H 2 O 2 
or Na 202 ), the NaA 102 is converted through Al(OH )3 into AI'*^’*', but 
the Cr 04 — is converted to Cr 207 —. Addition of NH 4 OH to this solu¬ 
tion precipitates AI(OH )3 but not Cr(OH) 3 . Chromate and dichro- 
inate can be changed, one intotheother, by the addition of acid or base. 

2Cr04 - + 2H+ CrjOj— + H 2 O 

CrzO;— 20H~ —* 2 Cr 04 — + H 2 O (red to yellow) 

This color change is usually adequate to identify these ions, particu¬ 
larly if the green color of 3-valent chromium ion has been observed 
before oxidation. The yellow chromate ion can also be identified by 
the addition of lead ion which forms the yellow insoluble lead chromate, 
PbCr 04 , or chrome yellou', a well known pigment in the paint industry. 

Pb++ 4- CrOr- PbCr04l 

yellow 
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ZINC 

15. Occurrence and INIetallurgy. Tl,e most common zinc ore 
IS sphalerite or zinc sulfide, ZnS. This ore is converted to zinc metal 
by oxidation to remove sulfur, followed by reduction with carbon. 

2ZnS + 30a 2ZnO + 2 SO 2 
ZnO + C Zn + CO 

Zinc metal is used for protective coatings on iron {galvanized iron) for 
making alloys {brass, Cu and Zn), and as one of the active materials 
in electric dry cells. Zinc oxide is commonly used in rubber compound¬ 
ing; zinc oxide, zinc sulfide are important white paint pigments. 

16. Some Reactions of Zinc Ion. Zinc hydroxide, Zn(0H)2, 
precipitated by hydroxyl ion is an amplioteric compound (Sec. 9). 
The reactions are illustrated by the following ecpiations; 


Zn++ -I- 20H- 


Zn(OH)a 

white 


As a weak acid: 


Zn(OH) 


2 4 - 


2H+ + ZnOa — 

zincate 

ion 


2NaOH 20H- + 2Na+ 


t 


. , 


As a weak base: 


2H50 NajZnOz 

Zn(OH )2 Zn++ -f 20H“ 

2HCI2C|- + 2 H+ 

4 4 

ZnClj 2HjO 

Ammonium hydroxide (NH3) reacts with zinc ion, forming zinc 

ammonia complex ion. (Compare with similar reactions of silver and 
copper ions.) 

Zn + 4 NH 3 Zn(NH 3 )/+ 

colorless 

Hydrogen sulfide precipitates white zinc sulfide, ZnS, from basic, neu¬ 
tral, or slightly acid solutions. 

Zn^-+ + S” -» ZnSl 

white 


iM.VGNESIliiM 

17. Occurrence and Metallurgy. Sea water contains unlimited 
Cfuantities of magnesium ion. and is an important .source of 

the metal. Salt deposits usually contain magnesium chloride and 
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other magnesium salts and, in the earlier development of the industry, 
salt brines were utilized. Magnesium is also found abundantly in 
natural deposits of magnesile, MgCOa, and dolomile, CaCOs and MgCOs, 
which resembles limestone. 

In a plant operated by the Dow Chemical Company at Freeport, 
Tex., the first magnesium extracted from sea water was produced in 
January, 1941. The principal reactions in the process are illustrated 
by the following equations, using Mg++ from sea water, lime from 
clamshells, and hydrochloric acid. 

Mg++ + 20H- Mg(OH) 2 l 

from lime 

Mg(OH )2 + 2HCI MgCU + 2 H 2 O 

electric 

current 

MgClj- * Mg 4- CI 2 

fused 


Exercises 

2. Write equations to illustrate the formation of calcium hydroxide from 
clamshells, CaCOa (XXIX. 3 and 4). 

3. Coriipare the electrolytic processes for producing magnesium and aluminum 
as to the materials used and the reactions involved. 

Another process for the production cf magnesium is based upon the 
reduction of magnesium oxide by carbon. 

MgO + C -> Mg -h CO 

Exercise 

4. Compare the reduction of magnesium oxide with the reduction of zinc oxide. 
What reactiim would be used if magnesite were the source material for obtaining 
magnesium oxide? 

It is interesting to note that, in 1915, only 87,500 Ib. of magnesium 
was produced and sold for $5 per pound. In 1942 it was estimated 
that about 200,000,000 lb were produced. The selling price was about 
20 cents a pound. The following is an excerpt from “Magnesium— 
A I\Iagic Mineral” (pp. 43-45), by Lilian Holmes Strack, published 
by Harper & Brothers, in 1943: 

The advancement in the use of natural resources in the last hundred years 
is greater than that made in all of the previous years in Iiistory. Today, 
metals have come of age. 

Even though aluminum, iron, and magnesium are the most abundant com- 
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,7" « the earth's crust (not to mention the magnesium i„ 

the .mmeasurab e wa ers of the sea), no one knew there was such a n etd s 
magnesium until 1808. It was in 18‘>S th«t n. * i • ^ 

from ore. ^ ^ aluminum was taken 

Most mNals do much of their work in alloys. Rapid developments came 
when chetmsts took the two “new” light weight metals and ahoyed tC 
They soon learned that by nuxmg certain quantities of each metal,' and then 

fr 



Fig. 2. Aircraft die castings of magnesium alloy. 


{The Dow Chemical (hmipany.) 


giving the mixtures proper heat treatment ami aging, they could get alloys 
which combine great strength willi extreme liglitness in weight. 

The old adage, "Birds of a feather flock together," holds good in the case 

of the almost feather weight metals, for each metal—just a bit of it— 
strengthens the other. 

Naturally the lighter anything is, the less power it takes to lift or move it. 
ust so, the less power that is needed, the cheaper and easier tlu* ojferation of 
tie machinery, whether it be an automobile, a railway train, or fast-mo\ing 
mac line parts in a factory. That is why magnesium is making a place for 
Itself and is used in many ways in various industries, such as electrical, chemi¬ 
cal, aircraft, optical, rubber, and manv others. 


18. Properties of the Metal. .Mihough inagiiesiiiin is reiali\el\ 

in the activity si*ries, it does nol rendiK iimhugo oxidation or 
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corrosion unless it is in the finely divided state. In the powder form, 
however, it is readily ignited and emits a brilliant light, a property that 
makes it useful as flaslilight powder. In welding magnesium parts, 
helium gas is used to exclude oxygen which would oxidize the mag¬ 
nesium at the high temperature (X\ II. 8). The metal reacts rapidly 
with acids, forming the salt of magnesium and hydrogen. It is very 
easily machined. 



Fk;. 3. Cutting magnesium 
metals to macliiiu*. IFeas v feeds 
{Tfie I)(uv (.'lirniical durnpanv.) 


on a latlie. Magnesium is the easiest of all 
and depths of cut can he used at high speeds. 


19. Alloys of .Magnesium. In tin* nuinufactun* of (he alloys of 
magnesium, tin* metals commonly used ttre aluminum, manganese, 
and zinc. Other metals, e.r/., copper and cadmium, are also used. 
In general, the liardness, strength, and durability of llie alloys are 
greater than in the ease of tlie pure iiiagiiesium. Among the well- 
known alloys itre the following: 

Downietal . Mg, Al, Mn, Zn 

Duralumin Mg, Al, Mn, Cu 

.Magiialium. Mg, Al, Cu 


Some of the uses of the allovs of magnesium Imve alreadN been men- 
tinned in a previous eoimeetion (St'c. 17). 

20. Some Com{)oun<ls of Magnesium, A suspension of mag¬ 
nesium hydroxide. Mg(OH) 2 - in water, known as milk of magnesia 
is often prescribed to neutralize excess acidity in the stomach. Mag- 
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nesium sulfate, MgSO^-THsO, or Epsom sails, is another \vell-kno>vn 
pharmaceutical preparation used as a purgative. 

A basic carbonate of magnesium, variable in composition, is mixed 
with 15 per cent asbestos, forming 85 per cent magnesia, an eflicient 
and widely used insulating material for covering steam pipes. 

Magnesium oxide, MgO, prepared by varying methods, finds wide 
application in toilet preparations, tootli pastes, special cements, 
insulators, and refractory materials. 

Note: this point the student should prepare a list of 10 or more exercises 

that suinrnari/e the processt*s, ri*actic»us. and coiiiinnitxls dt'serihed in tins chapter. 
Ability to write questions is just as iin{>ortant as the ability to answer (pH'stions. 
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CHAPTER XXIX 

CALCIUM COMPOUNDS, HARD WATER 

Limestone, lime, marble, and gypsum are well-known building 
materials. Calcium is a constituent of these materials. The use and 
treatment of hard water is a chemical problem of great importance 
in industry and in the home. 

1. The Alkaline Earth Family. Calcium is the most common 
member of the family. The other elements are strontium, Sr; barium, 
Ba; and radium, Ra. All these elements are so active that they are 
never found in the free state in nature. They react rapidly ^^^th cold 
water, oxidize rapidly in air or oxygen, and also unite with nitrogen 
to form nitrides. Their compounds are all quite similar. Radium 
is the only element of the group that undergoes spontaneous atomic 
disintegration. 

2. Occurrence of Calcium. Calcium carbonate in the form of 
limestone is the most common nonsiliceous rock. Calcium carbonate 
also occurs as marble, calcite, pearls, shells, and coral. Calcium sul¬ 
fate is also a common mineral. Its most common form is gypsum, 
CaS 04 * 2 Il 20 , but it also occurs as anhydrite, CaS 04 , and as alabaster. 
The latter is a variety of gypsum. 

3. Manufacture of Lime by “Burning” Limestone. Heat 
causes the decomposition of limestone into lime or quicklime, CaO, 
and carbon dioxide gas. 

CsCOj ^ CsO + CO2T 

The term burning, as applied to this process, is a misnomer since there 
is no union of oxygen with either lime or limestone. The term arises 
from the burning of coal or other fuel to supply the heat required for 
the decomposition. 

The older type of equipment for Hme burning consisted of a vertical 
kiln into which a mixture of limestone and coal was placed, the coal 
being ignited and the draft controlled to carry out the operation. A 
newer type of equipment uses horizontal rotary kilns with limestone 
entering at one end and lime leaving, and hot combustion gases enter¬ 
ing at the opposite end. 


242 
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The decomposition of calcium carbonate is reversible so that CO. 
and CaO «.ll reumte if left in contact, unless the temperature is very 
high. In order to lower the operating temperature, a good draft is 
maintained during the burning process. This removes CO. as rapidly 
as It IS formed, so the reverse reaction is prevented, and the forward 



Fig. 1. A rotary lime kiln. {The Warner Company, IieUefonft\ /\i., plant,) 



arner 
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reaction is complete at a relatively low temperature. Too high a 
temperature not only increases the cost of fuel, but also causes fusion 
of impurities to form glasslike solids that interfere with the slaking 
of the lime. 


Exercise 

1. Calculate the weight of quicklime that can be made from 1 ton of limestone 
containing 95 per cent pure CaCOj. 

4. Slaking of Lime. Lime unites very readily with water to 
form calcium hydroxide. Much heat is liberated and the process is 
known as slaking. 

CaO -f H.O — Ca(OH)2 

The product is known as slaked lime or hydrated lime. A solution or 
suspension of Ca(0H)2 in water is known as lime water or milk of limCy 
widely used as an alkali in industry. On farms, it is used with copper 
sulfate in making bordeaux mixture for spraying potatoes, and as a 
whitewash on barns and fences. Application of lime to fields is a 
common procedure. 

Exercise 

2. Cfilculate the weight (a) of quicklime and (6) of water, required to make 
1 ton of hydrated lime. 

5. Air Slaking of Lime. If lime is allowed to stand in air, both 
of the following reactions occur: 

CaO + H.O -> Ca(OH)2 

CsO CO2 CsCOj 

The product is known as air-slaked lime. 

6. Lime Mortar. This material is made by making a paste of 
slaked lime, sand, and water. The sand is inert during the hardening 
process, but its presence prevents shrinkage and cracking upon harden¬ 
ing, and makes the mortar porous so that the carbon dioxide of the 
air may penetrate tlie mass. The hardening of mortar depends upon 
the union of carbon dioxide of the air with Ca(OH )2 to form a mass of 
interlocking crystals of CaCOj that bind the entire mass into a solid. 

Ca(OH)2 4 - CO2 ^ CaCOs + H2O 

Lime mortar vail not harden under water. The plasticity of the wet 
mortar, the rate of Iiardening, and the final strength are altered by 
tlie presence of impurities, such as magnesium hydroxide, calcium 
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aluminate, and calcium silicate, so Hiat these u.alcrials .oust be kept 
at a minimum in lime lliat is to be used for niort ir 

7. Plaster of Paris. (CaS0d. H,0 is manufactured by care¬ 
ful heating of gypsum until it loses three-fourths of its water of 
crystallization. 

numufiu'turo 

2ICaS0,-2H,0| * (CaS0,VH,0 + 3H,0 

liardcniiiK plasler of parts 

When the white powder, (Ca804), II,(). is made iuio a paste witli 
water, the above chancre is reversed and a mass of interlocked crystals 
of solid gypsum is formed in a comparatively short lime 

If a temperature of 200°C., or higher, is used during the manufac¬ 
turing process, a dead-burned plaster containing considerable anhy¬ 
drous CaS 04 is formed. Such plasters harden very slowly but tinally 
become much harder and stronger than ordinary plaster of paris. 
The presence of added substances also retards tlie setting process. 

Plastei of paris is used in making forms or casts for supporting 
broken bones. It is also used in large amounts for making borders 
and moldings in interior decorative work. 

Exercise 

3. Calculate (a) the weight i)erceiiliim‘ and (b) the mole (MTceiitape of water 
lost in converting gypsum to plaster of paris. 

8. Har<l Waters. The term hard traler commonly refers to any 
water containing dissolved bicarbonales or sulfates of calcimn. iion, 
manganese, or magnesium. Temporary hardness is that due to bicar¬ 
bonates and may be removed by boiling the water. Permanent hard¬ 
ness is due to sulfates and is utiaifecled by Itoiling. JVrmanetil 
hardness arises when ground waters flow through or ov(‘r deposits cott- 
tainiiig gypsum or other mineral sulfates, '^remporary hardness arises 
wiien W'aters containing cartxuiic acid tlow Ihnaigh or over iimcsloticsor 
other carbonate deposits, (’arbonic acid is usualK prcstMil in ground 

ivater because carbon dioxide of the air dissolves and combines with 
the water. 

H,0 -{- CO;H .COj 

The carbonic acid converts limestone, normal calcium carbotiah', 
CaCOa, into acid calcium carbonalc or calcium bicarbmialc. (!a(l K’.Oa) - 
which is slightly soluble {WI. 31. 'J'hc e<iuali(Mi is 

HiCOj + CaCOi , * CaiHCOi); 

iiisoluhli' soluble 
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nid ihehtw) in a liiiH'storie cave. {(UnirU 

f*<‘nri's (!ari\ Cenlre I/all, Pa.) 
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This reaction not only accounts for the presence of temporary liard- 
ness in ground waters but also explains tlie formation of caves in lime¬ 
stone regions. 


The reaction by which calcium bicarbonate is formed is reversible. 
Even a slight increase in temperature will decrease the amount of 
carbon dioxide dissolved in the water, and as a result the entire process 



Fig. 5. Boiler-scale formalioti. {The PerrnulU Company.) 


If 

r 


is reversed and calcium carbonate is precipitated, l^y tliis process, 
slalacliies and slalaymUes are formed in caves. Obviously, the boiliii 
of water containing calcium bicarbonate will cause complete reversal 
of the above reaction and removal of the temporary hardness. 

9. Consequences of the I se of Ilanl W aler in Boilers. \\ hen 
water containing calcium bicarbonate is heated inside a boiler, the 
calcium carbonate is deposited there as a deposit or scale. Such a 
boiler scale is also formed wh(*n permanent hard water is evaporated 
in a boiler. In this case the scale is largely calcium sullate, (.aSOj. 
Boiler scale decreases the rate of transfer of lieat through th(‘ boiler 
wall and necessitates more healing with increased corrosion dm' to 
air and fuel gases on the outside ol tin* boiler, and possibh' reaction ol 
hot iron with steam, (’onseciuenth there is loss ol eiriciency atid 
shortening of the life of the boiler. For this n'ason. most boiler water 
IS sofleiied before use, as explaitu'd below. 
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10. Waste of Soap by Use of Hard W'ater. Common soaps are 
a mixture of the sodium salts of complex fatty acids, such as sodium 
palniitate, CisHsiCOONa; sodium oleate, CiTHssCOONa; and sodium 
stearate, CiiHasCOONa (XXIII. 10). These soaps react rapidly and 
completely with hard w^ater according to the follo>ving equations: 

calcium soaps 

Ca(HC03)2 + 2C,.H3iCOONa (Ci^HaiCOOsCa + 2 NaHC 03 
CaS04 H-2Ci7H3iCOONa (Ci7H35COO)2Ca + Na 2 S 04 

Since the calcium soaps are gummy precipitates with no cleansing 
power, no cleansing effect is obtained until enough soap is used to 
remove all hardness by the above reactions. This amount of soap is, 
therefore, wasted. 

Iron soaps are formed in a similar manner, and are also gummy 
precipitates without cleansing power. They are difficult to w^ash out 
of clothes that are being laundered and have the further disadvantage 
that exposure to air converts them slowly into rust wdth a resulting 
brow n stain on tlie clothes. 

The term hard water originated from the fact that it is liard to 
wash in it. Sir Francis Bafon, in referring to the difficulty of washing 
witli hard w'ater, once said, “Chalky water is too fretting as appeareth 
in laundry of clothes, which wear out apace.” 

11. Water Softening. Measurement of Amount of Hard¬ 
ness in Water. Destruction or removal of hardness is referred to as 
2 va(er softening. The amount of hardness in any sample of water is 
measured in parts per million or in grains per gallon. This is deter¬ 
mined by addition of a standard soap solution from a measuring tube 
(buret) until permanent suds are formed when the sample of w'ater is 
shaken. 


Exercises 

4. (a) Calculate the weight in pounds of soap, CKlIasCOONa, that is used up 
by 2,000 1. water containing 200 g. CaSO^ per 1,000 1. water (200 parts per million). 

(6) One liter is about 1 qt. Calculate the number of gallons in 2,000 1. water. 

5. (n) Calculate the weight in pounds of sodiiim carbonate required to precipi¬ 
tate the calcium ion as calcium carbonate from 2,000 1. water containing 200 g. 
CaS 04 per 1.000 I. water (200 parts per million). 

(h) Calculatt* the cost of the sodium carbonate used in (a), assuming a price of 
6 cents per pound. 

12. Lime Soda Alethotl of .Softening Hard Water. This 
niothod uses lime to remove temporary hardness and soda, Xa 2 LO.?, 
to remove permanent liardness. 
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Ca(HC03)2 + Ca(OH)2 

CaSO* + Na.COa 


2CaC03l +2HoO 
CaC0,4 + Na.SOT 


The amount of lime a,.d soda added must bo oou.rolled so (hat there 
IS but a small excess over that needed to re.nove the hardnesr Tl 
precipitated CaCOs must be separated from the water bv seliC 

The N.,so, i„ ... ” 

soap, and does not form boiler scale. * 

Soda alone can be used for both’temporary and permanent hard 
ne^ since it reacts with Ca(IICO,), and precipitates CaC 03 . TMst 
seldom done because Na^CO, is much more expensive than lime The 
reaction between CadlCO.,)^ and \a,.C 03 is indicated by the equation 

CaCHCOa)^ + NaaCOj CaCOal + 2 NaHC 03 

Actually, the reaction is probably more complicated in that it involves 
hydrol>sis of the fSaoCOj and interaction between the various ions 
present Other sodium salts of weak aiiils that form insoluble cal- 

TeMbwing- 

— Caa(PO03l + eNaHCOa 
Na.SiOa + Ca(HCO.,)j — CaSi04 + 2 NaHC 03 

NasBiO; + Ca(HCO.i )2 CaBiOyi + 2NaHCOa 

13. Ion-exchange Processes for W aler Sofiening and Purifi¬ 
cation An established example of this is the pernuilil process in 
winch the hard water that is to be softened is passed slo\\l> Ihiougii 
a tank filled with granules of a complex silicate known commen ialU 
as permulii (Fig. 6). J>erim]|il belongs to a grouj) of silicates ktami, 
aszen/i/cs, A simple zeolite would have the formula, .\a,Al..SM),, and 
would react with calcium compounds as follows: 

CaSO, + Na.AI,Si,0,-* CaAI,Si,0, f Na,SO, 

Ca(MC 03)2 + NajAIjSi^O, ■ CaAI^Si.-O, -f 2NaHCO,; 

or. representing the zeolite ion b\ /e. 

Ca(HCO.i )2 + Na,2e - CaZe I + 2NaHCO;: 

Tj^ie silicates acluallv used are mon‘ complex in eoMi|>osilion. hut llie 
clteot is as indicated l)y these efpialions. I'hea.lual pro.-ess iiu oh es 
migration of the sodium iotis. \a-. out of the cr>>tal laltiee of the 
SI icate into the solution, and the migration of ealeiiini ions, tdh ’, 
into the lattice to act as re|»lacement. 

It is obvious that, after a time, the sfuliutn ions in (he xcT.life will 
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be exhausted and the process must stop. Before this point is reached, 
the softening compound is regenerated by closing the connections 
to tlie water-supply lines, draining and filling with, strong salt solution. 
The process is then reversed: 

CaAl 2 Si 20 s -j- 2N3CI —► Na 2 Al 2 Si 208 T CaClg 

so tliat calcium ioiis are removed from the zeolite lattice and sodium 
ions are recombined witli it. The CaCb and excess NaCl are washed 
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Heavy, hot dipped, 
gcivonized. speciol 
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tube 
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Washed ond 

graded grave 


Fig. 6. water softener (Permutil process). (The Permuld Company.) 


out of the tank inlo tlie sewer, and llie zeolite is again ready for service. 

It has recently been discovered that certain synthetic resins also 
have ion-exchange ])ropeiTics and can stave to reiiiove negative as 
well as positive ions from water. The product is knowm as deionized 
watei’. Ii\ the use of the zeolites and the ion-excTiange resins, leafer 
of zero hordness or zero trafer can be obtained. The great majority of 
industries using watei'. e.ff., laundries, tanneries, vegetable processing 
and dairy plants, as well as heating and steam-power installations, use 
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tlie zeolite or some oilier waler-softeninf' process. As a result 
operating economies and improvement in products are brought aho'uT 
Many hospitals and homes also have water-softening e(piiiunent. 

It. Some Reactions of (’.aleiuni Ions. I'mn, the aualylhal 
point of view, the principal reactions of ealeium ions are the following; 

Ca++ + CO,— - CaCO,J 

CaCOa + 2H+ Ca++ + H .O -f CO. 

Ca+++ C.Or- ^ CaC,o/l 

o.xalate ion calcium oxalate 

The formation of the w hite crystalline ealeium oxalate is a common 
lost for tlie prosenco of calciuni ions. 

Tlie so-cnWcd flame lesl is iniule by oonvorliiif; an insolublo calciiun 
compound to llie volatile calcium chloride by treatment with hytlro- 
chloiic acid. By dippinj; a clean }>latinum wire into calcium chloridt^ 
solution and then holding tlie wire in a clear blue fhune, a bright deep- 
orange color is imparted to the ilame. Ibirium compounds give a 
green color, and strontium comj)ounds give a deep-red or c'rimson 
color, when tested in the same manner. 

Sodium and potassium compounds may also be detectiyl by the 
flame test. The sodium flame is yellow and the potassium flame is 
violet in color. Wires should, of coui'se, be very cart'fully cleani'd by 
being dipped in concentrated hydrochloric acid and healed strongly 
before a test is made. 
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CHAPTER XXX 

SODIUM AND POTASSIUM 


Compounds of sodium and potassium are found naturally in great 
abundance and are of considerable industrial importance. The metals, 
lit Ilium, sodium, potassium, rubidium, and cesium are placed in Group 
I of the periodic system. The hydroxides of these metals are all 
soluble in water and are strong bases or alkalies; hence the common 
name, alkali melals. In all their compounds, the elements of this 
group are monovalent. 

1. The Metals. The properties of the free metals are closely 
rt'lated, as indicated in Table I. They react vigorously with water, 
liberating hydrogen, as we have learned. For example: 

2Na + 2 H 2 O -> 2NaOH + H 2 T 
or 

Na+ H20-^Na+ + 0H- + HH3 


general equation for the metals of the group is the following: 

M + M+ + OH- + HH 2 ] 


Table I 


Element 

i 

Lithium 

Sodium 

1 

Potassium 

Rubidium 

Cesium 

Svndiol. 

Li 

Na 

K 

Rb 

Cs 

w 

•\1omic weight. 

6.9 

22.9 

39.1 

85.4 

132.9 

\tomic mimher. 

3 

11 

19 

37 

55 

Melting point. ®C... . 

179 

j 97.5 

63.5 ' 

39.0 

28.4 

Density (20°C.).. . ^ 

0.53 

! 0.97 1 

1 1 

1 

0.86 

1 

1.53 

1.9 


F^xercises 


1 . 

o 


How do t lie nu'llin*; points of the alkali metals vary with the atomic weights? 
How do tlie densities of tlie alkali metals vary with the atomic weights? 


2. Sodium. Tlie metal sodium and the other metals of the alkali 
roup, being very active elements, are never found naturally in the 
free state. Large (piantities of sodium are used in the manufacture 
of sodium peroxide atid sodium cyanide as well as numerous organic 


cr 
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chemicals, including lead telraelhyl and synthetic indigo and other 
dyestuffs. The sodium vapor lamp is quite widely used iti higlnvay 
illumination where color discrimination is not required. The lamp 
emits an orange-yellow light, and its efficiency is estimated at about 
four times that of the ordinary tungsten lamp. It is said l<> b«' veiy 
economical in operation. 

About 25,000 tons of sodium are produced annually by the elec¬ 
trolysis of fused sodium chloride. 

3. Sodium Chloride, NaCl. The use of sodium chloride or 
common salt in preserving and cooking food, and in the preparation of 
freezing mixtures, is common knowledge. Industrially, it is the source 
material in the manufacture of caustic soda and chlorine. h>drochlorie 
acid, and sodium carbonate. 

Extensive deposits of sodium chloride are found in Michigan, New 
York, Ohio, Texas, in (lerinany and other countries. In some natural 
deposits, the layers are from 300 to 500 ft. or more in thiekne,s.s, and 
the product is extracted by means of wells or by direc t mining as in 
the case of coal. Sea water contains about 2.8 per cent of sodium 
chloride and is a direct source in areas where natural evaporation is 
utilized in separating the water, leaving the solid salt. Nearly 10 
million tons of salt are used annually in the l iiiled Stales. 

4. Sodium Hydroxide, NaOH. As stated in Chap, ^lll, 
sodium hydroxide is made by the electrolysis of brine, a walei solution 
of sodiutn chloride. It is a white, hygroscopic solid, Ncry soluble itj 
water, and is marketed in the form of sticks or Hakes. It is one of th(‘ 

4 

cheapest and most common alkalis and is used in a wide variety ol‘ 
industries, e.g., in the refining of petroleum and the manufac'ture 
of soap. 

5. Carbonates of Sodium. Solvav Process. There arc^ two 

% 

carbonates: (.1) sodium bic'arbonale. NallC.tb, or baking soda, and (2) 
sodium carbonate, Na-jCO.-i, oi- soda ash. I’he latter substance when 
fully hydrated forms NaoCO^ IOll-O, or irasliing soda. These com¬ 
pounds are made from salt, ammonia. linn^stoiK'. and water, by the 
Solvay' pro(*ess. Caibon dioxide*. oblain(‘d by lu*ating liinestotu*, is 
passed into a solution of sodium chloride* satural(‘d with amme>iiia. 
The reactions are indie-ated by the* ibllowing e‘e|uations: 


lieNil 

CaCO:,-» CaO t CO, 

NH, + H,0 - - NH.OH 
NH.OH + CO; - ■ NH,HCO, 
NH.HCO 3 + NaCi . NaHCO . -NH^CI 


. 1 

2 

(3 
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Sodium bicarbonate, which precipitates, is separated by filtration 
and is converted, by heat, into sodium cai’bonate or soda ash. 

h<*al 

2NaHC03-► NaXOa + H^O + CO 2 (4) 

The carbon dioxide formed in reaction (T) is used again in reaction 

( 2 ). 

Exercises 

3. Write an equation to illustrate the recovery of ammonia from the ammonium 
chloride produced in reaction (3), using the calcium oxide from reaction (1). 

4. Calculate (a) the nuinber of pounds of NajCOj that could be made from 1 ton 
of NaHCOa. (6) the number of pounds of NaoCOa-lOHzO that could be made from 
1 ton of Na -COa. 

6. Baking Powders. Carbon dioxide in a dough makes it rise 
during the baking process, forming a light and porous bread or cake. 
Baking powders are added to the dough to produce the carbon dioxide. 
The ingredients of baking powders are (1) baking soda, NaHCOs, (2) 
an acid salt or a salt that yields hydrogen ions by hydrolysis, and (3) 
cornstarch. Tlie salts used may be potassium hydrogen tartrate 
{cream of far(ar), KHCjH^Oe; primary sodium pliosphate, NaH 2 P 04 ; 
primary calcium phosphate, Ca(H 2 PO.i) 2 ; or anliydrous alum, NaaSOj*- 
Al 2 (S 04 ) 3 , tlie latter forming by itydrolysis. The reaction for the 
tartrate powder may be illustrated by the following equation: 

KHC.H^Oe + NaHCOa -> KNaC^H^O* + HoO + CO 2 T 

The general reaction for any of the above types is as follows; 

+ HCOr H 3 O + COat 

If baking soda alone is used in the baking, the carbon dioxide is 
liberated by the reaction of the bicarbonate with lactic acid in sour 
milk whicli is added to the dough. Heating also decomposes sodium 
bicarbonate, forming carbon dioxide and sodium carbonate. 


Exercise 

5 . Write etiuiUions to imlicnte tlx* formation of the JP (a) from H2PO4 * 
(6) from the hydrolysis of Al2(S()4).i. 

7. Other Coiiipoiiiids of So<iiiim, Sodium nitrate or Chile 
saltpeter, NaXOi. is an iinporlaiil raw material in the fertilizer indus¬ 
try. As the name indicates, it is obtained from natural deposits in 
(-lule. Foi inerlv an important source of nitric acid, it has been largely 
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replaced by ammonia which is converted by catalytic oxidation to 
nitric acid (Ostwald process). 

Sodium sulfate or Glauber's sail, NasSOi-lOH.O, borax, Na 2 B^ 07 - 
IOH 2 O, and sodium thiosulfate, or hypo, NaoSaOg-SHoO, are compounds 
of industrial importance, the last being used in photograpliy. 

8. Potassium Compounds. Potassium chloride, KCl {sylvile), 
occurs abundantly in many salt deposits at Stassfurt in Germany 
and in Texas, New Mexico, and California. The fertilizer trade uses 
large quantities of potassium chloride, commonly known as muriate 
of potash. Potassium nitrate, KNO3, has extensive application in the 
manufacture of gunpowder and fireworks and in the preservation of 
meats. It is made by tlie reaction of Chile saltpeter, NaNOa, witli 
potassium chloride. The potassium nitrate solution, when hot, is 
filtered off from the less soluble sodium chloride and tlien cooled, 
causing the solid KNO3 to crystallize out of the solution. Tlie equa¬ 
tion for the reaction is as follows: 

NaNOa + KCl ^ NaCIl -|- KNO3 

The halides, KBr and KI, have medicinal uses and KCIO3, being a 
strong oxidizing material, is used in making lireworks. Potassium 
carbonate, K2CO3, is used in making certain types of glass. Potas¬ 
sium hydroxide, KOH, is used in the manuracture of li(|uid soap. 
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APPENDIX 

Table I 



t.^le n 

Temperature Scales 

FaJirenheit Centi^'rade Absolute 

Boiling point of water 212® 100® 373 ® 

(at a pressure of 1 atm.) 

• 

Freezing point of water 32® 0® 273® 


Conversion of temperature readings from one scale to another; 
Let F = Fahrenheit temperature, 

C — centigrade temperature, 

A =: absolute temperature. 

Then 

F = %{C) 4- 32 
C = %(F - 32) 

A = +C + 273 
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Table III 


•alure, '‘C. 

Pressure, mm. of 

0 

4.6 

5 

6.5 

8 

8.0 

9 

8.6 

10 

9.2 

11 

9.8 

12 

10.5 

13 

11.2 

14 

11.9 

15 

12.7 

16 

13.5 

17 

14.4 

18 

15.4 

19 

16.3 

20 

17.4 

21 

18.5 

22 

19.7 

23 

20.9 

24 

90 9 

25 

23.6 

26 

25.1 

27 

26.5 

28 

28.1 

29 

29.8 

30 

31.5 

31 

33.4 

32 

35.4 

33 

37.4 

34 

39.6 

35 

11 .8 

100 

• • • • « 

760.0 
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Taiu.i: IV 


SOMIBILITIKS OF Basics and Sai/is (at 18' C.)* 
(In prams |u*r 100 ml. of waler) 



K 

Na 

1 

1 

Ba 

Sr 

Ca 

iMp 

7,11 

PI) 

CI 

m 

35.8 

i 

0.0,11 

37.2 

51.0 

73.1 

55.8 

203.9 

1.4 

Br 

65.8 

1 

88.7 

O.O4I 

103.6 

96.5 

1 13.3 

103.1 

478.2 

0.59 

I 

137.5 

177.9 

' 0.0fi3 

201.1 

169.2 

200.0 

118.2 

119 0 

0.08 

F 

92.5 

-1. 1 

195.4 

0.16 

O.OI 

0.0,1 

0.0,8 

0.0,5 

0.06 

NO, 

30.3 

CO 

• 

213.1 

8.7 

66.2 

121.8 

1 

71.3 

117.8 

51.6 

CIO3 

6.6 

97.1 

12.2 

35. 1 j 

171.9 

179 3 

126 1 

183,9 

150.6 

OH 

112.9 

116.1 

0.01 

3.7 

0.77 

1 

0.17 

0 0,1 

0.0,5 

1 

0.01 

1 

1 

1 

SO4 

11.1 

16.8 

0.55 

0.0,2 

0.01 

0.20 

■ 35.1 

1 

53.1 ’ 

1 

1 

0.0,1 

CrO^ 

63.1 

61.2 

0,0.2 

1 0.0,3 

1 

0.12 

0. 10 

1 

73.0 

1 1 

0.0i2 

C;04 

30.2 

3.3 

0.0,3 

0.0,8 1 

0.0,1 

0.0,5 ; 

0.03! 

1 

0.0,6 

0,0,1 

CO, 

108.0 

19.3 

0.0,3 

0 0,2 

1 

0 0,1 

0.0,1 

! 0.10 

t 

0.0 , 1 i' 

0 0,1 


•'‘Smith's College (ChemistrycoviT, D. .Sppletoii-Cotihiry <'oriipaiiy« Inc., New York, 1^3S. 
t Small Dumbers arc abbreviated, fur exumplc. O.OjI = 0.004)1. 
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Abrasives, 168, 169, 198, 2!Vl 
Absolute tempj'rnlure, 2 t 
AceUxte ions, 78 
Acetic acid, 78, 190 
Acetone, 156 
Acetylene, 169, 178, 185 
Acetylene scries, 178 
Acheson, Edward, 199 
Acid lining, 225 
Acidic oxides, 18, 62, 221 
Acidirnetry, 88 
Acids, 19, 37. 38. 82, 87 
acetic, 78, 190 
amino, 192 
aminoacetic, 192 
ascorbic, 192 
boric, 200 

carbonic, 19, 78. 169, 2-15 
description of. 19 
equivalent weight of, 57 
formic, 172 
halogen, 102 
hydrochloric. 62 
hydrofluoric, 100 
hypocldorous, 92 
ionic properties of, 82 
nitric, 151-151 
of nitrogen, 159 
oleic, 190 
organic, 190 
palmitic, 190 
phosphoric, 19, 162 
picric, 151, 153 
pyrosulfuric, 120, 122 
silicic, 196, 197 
stearic, 190 
sulfuric. 59. 120-123 
sulfurous, 19, 120, 121 
Activity series, 38 
Adsorbents, 95, 168 


Adsorption, 191 
Agate, 196 
Air, 136-110 
compressed, 23 
fractional dislillation of. 1 1. 1 
liquefaction of. 1 1, 139 
as mixture, 138 
Air conditioning, 138 
Air-slaked lime, 241 
Alcohols, 189, 190 
delinition of, 152 
ethyl. 189 
methyl, 190 
use of, in radiators. 55 
Alkali, definition of. 66 
Alkali metals. 126, 252 
Alkalimetry, 83 

Alkaline earth metals, 126, 242 
AlIo>s, 204 

of aluminum, 232, 210 
chromium in, 228 
fusible, 204 
of iron, 228 
iron-silicon, 36 
of magnesium, 240 
manganese in, 228 
Alpha particle, 132 
Ahiniinuni, 230-232 
alloys of. 232, 210 
rea<'tions of ions. 236 
Ahiminum chloride, 231 
Ahiniinuni liydroxidi*, 233 
Aluminum o\i<le, 234 
<4ectrolysis of, 231 
Alums. 232 
Alundum, 231 
Amalgams. 211 
AnuTiciuin. 129 
Amino acids, 192 
Aminoacetic acid. 192 
Ammonia. 1 ! 1-1 16 

chemical properties of, I 18 
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Aniniorua, detection of, 150 
indvisJrial uses of. Ill 
laboratory preparation of, 118 
manufacture of, 111 
oxidatutn of. 152 
physical propt rlies of, 118 
in refritieration, 23, 1 11, 118 
synthesis of, 35, 115, 116 
Animoniuin chloride, 62, 6-1 
Ainmoniiini hydroxide, 78, 118 
Ammoniiini molybdate, 163 
Ammonium salts, 150 
Ammonium sulfate, 115 
Amphoteric hydroxide, 233 
Amphoteric* property, of aluminum 
hydroxide, 233 
of zinc hydroxide, 237 
Anhydrite, 113 
Anhydrous salt, 47 
Anions, 74 

Anode, 36, 65, 74, 214, 231 
Anode mud. 21 1 
Anthracite coal, 168 
Antifreeze preparations, 56 
Antimony, 159, 160 
comf>ounds of, 160 
Antiseptics, 201 
Aqueous tension, 45 

{See «/.vo Vapor pressure) 

Arc process, 152 
Argentite, 208 
Argon, 140 

use of, in electric lights, 142 
Arrhenius, 73 
Arsenic, 159. 160 

coniprmnds of. 159, 160 
Asbestos. 198, 211 
Ascorbic acid, 192 
Astatine. 129 
Aston, K. W .. 131 
Aston, James, 222 
Aston process, 222 
Atmosphere. 136 
composition of, 136 
inert gases of, 136 
one, of pressure, 26 
pressure of, 25. 137 
Atomic bomb. I, 129. 135 
Atomic hydrogen torch. 34 


Atomic number, definition of, 69 
Atotnic numbers in periodic tabic, 1 
Atomic pile, 133 
Atomic structure, 68, 131 
Atomic theory, modern, 4 
Atomic weigh I.S, 5 
Atoms, 1 
Avogadro, 105 
Avogadro’s law, 105 
Avogadro’s number, 107 

B 

Bacteria, 43 
nitrifying, 1-14 
Baekeland, Leo, 186 
Bakelite, 186 
Baking powders, 254 
Baking soda, 253 
Barium hydroxide, 19 
Barometer, mercurial, 25 
Barometric pressure, 25, 137 
Bases, 19, 38, 82, 87 
definition of, 66 
description of, 19 
equivalent weight of, 57 
examples of, 38 
ionic properties of, 82 
Basic lining, 225 
Basic oxides, 18, 62, 221 
Basic salts, 161 
Battery, storage, 123, 206, 20" 
Baume, 196 
Bauxite, 230 
Bends, 111 

Benedict's solution, 189, 215 
Benzene, 153, 178 
Benzene scries, 178 
Bessemer, Henry, 223 
Bes.semcr converter, 223 
Be.sserner process, 223 
Bicarbonates, 169, 170 
Bismuth compounds, 160-161 
Bisulfales, 59, 120 
Bisiilfites, 120, 188 
Bituminous coal, 174 
Black diamonds, 168 
Black gunpowder, 155 
Blast furnace, 218 
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Blast-furnnce gas, 221 
Bleaching, with bleaching powder, 94- 
with chlorine, 94 
with sulfur dioxide, 121 
Bleaching powder, 93 
Blister copper, 214 
Blood, pH of, 89 
Blooms, 222 
Blue vitriol, 216 
Blueprinting, 229 

Body, human, percentage of water 
in, 42 

Boiler scale, 247 
Boiling point, definition of, 46 
of solutions, 56 
Bonds, 178 
Bone ash, 162 
Bone black. 168 
Borax. 200, 255 
Bordeaux mixture, 167, 215 
Boric acids, 200 
Boric oxide, 200 
Boron, 200 
Boron carbide, 199 
Boyle’s law, 23 
Brass. 215, 237 
Brick, 198 

British thermal unit, 176 
Bromine, 99-102 
preparation of, 102 
properties of, 99 
Brdnsted, 87 
Bronze, 215 
Buna S rubber, 185 
Buret, 83 
Butadiene, 185 
Butane, 179 



Calcium, 242 

llame lest for, 251 
reactions of ions, 251 
Calcium bicarbonate, 170, 245, 2t7, 
249 

Calcium bisulfite, 112, 121. 1811 
Calcium carbide. 1 1 1, 169 
Calcium carbonate, 170. 243 
Calcium chloride. 18. 61 


Calcium hydroxide, 11,19, I I. 21 I 
Calcium oxide, 11, 242 
Culeium soups, 218 
Calcium sulfate, 217 
Calomel, 212 
Cameo, 196 
Carbohydrates, 187 
Carbon, 168 

ullotropic forms, 168 
isotopes of, 132 
natural forms, 168 
prepared forms, 168 
reaction of, with oxygen, 18 
Carbon black, 168 
Carbon dioxide, 170, 213 
physiological elTects of, 171 
properties of, 171 
in refrigeration, 23 
uses of, 171 
Carbon disulfide, 112 
Carbon monoxide, 172 


physiological elVects of. 172 
preparation of, 172 
Carbon tetrachloride, 61. 101 
Carbonate ion, 78 
Carbonates, 170 
Carixmic acid, 169, 215 
formation of, 19 
ioni/ation of, 78, 169 
Carborundum, 169, 199 
Carbureted water gas, 175 
Carrel-Dakin solution, 91 
Cast iron. 221 
Catalysis, definition of, 20 
Catalyst, definition of. 20 

in ammonia synthesis. I 15, 1-16 
manganese dioxide, 15, 20 
negative, 20 
nitrogen dioxide, 122 
platinum, 122, 152 
positive, 20 

Cathode, 36, 65, 71, 214, 231 
Cations. 71 



Cellulose, 187 
C<*llub)se nilr.ite, 153, 155 
Cetiient, 198, 231 

(^einentite, 228 
Chain reaction, 1 3 ;j 
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Chalcooito. 113, 213 
Chalcopyrilo. 113, 213 
Chamber proress, 121 
Charcoal. 168, 174 
Charles’s law, 21 
Chemical changes, 1, 2 
kinds of. 19 

Chemical equalioiis, 10 
Chemical equilibrium, 60, 61 
Chemical formulas, 5, 68 
method of obtaining, 8 
Chemical reactions, relative volumes in, 
104, 106 

reversible, 19, 60, 61 
Chemistry, delinition of, 1 
organic, 179, 187 
Chile saltpeter, 152, 254 
Chloride ion, 75 
Chloride salts, tests for, 64 
Chlorides, reactions of, 59 
uses of, 64 
Chlorine, 92-96 

chemical properties of, 92 
industrial preparation of, 95 
industrial uses of, 93 
isotopes of, 132 

laboratory preparation of, 96, 102 
physical properties of, 75, 92 
production of, by electrolysis, 65 
reaction with pentane, 60 
test for, 93 

use of, in water purification, 14 
Chlorine atom, structure of, 97 
Chrome yellow, 206, 236 
Chromite, 235 
Chromium, 235 
in alloys, 228 
oxides of, 235 
reactions of ions, 236 
Chromosphere of sun, 141 
Cider, 190 
Cinnabar, 113, 211 
Clay, 198, 2.30 
Clorox, 91 
Coagulation, 44 
Coal, 174 

anthra<rite. 168 
bituminous. 174 

destructive distillation of. 145, 183 


Coal gas, 145, 183 
Coal tar, 145, 183 
Cohesion of molecules, 31 
Coins, 209 

Coke, 145, 168, 174, 218 
Coke ovens, 171 
Colloidal sus|Mmsions, 55, 188 
Combination, definition of, 19 
Combustion, complete, 118, 181 
definition of, 19 
incomplete, 118, 181 
Complete double decomposition, 81 
Complete reaction, conditions favoring, 
61. 81 

Components of air, 136 
Compounds, 3, 5 
eleclrovalent, 71 
ionic, 71 

Compressed air, 23 
Concentration, effective, 78 
Concrete, 3, 234 
Condensation, 48 

Conductivity, electrical, 72, 71, 231 
Conservation of mass, law of, 12 
Constant composition, law of, 10 
Copper, 213-215 

electrolytic refining of, 214 
reactions of ions, 216 
Copper ammonia ion, complex, 216 
Copper ion, letrammino, 216 
Copper sulfate, 216 
Corrosion, of aluminum, 232 
resistance of alloys to, 228 
Corrosive sublimate, 212 
Corundum, 234 
Covalent compounds, 71 
Cracking, 117, 183, 234 
Cream of tartar, 254 
Cretinism, 100 
Crisco, manufacture of, 35 
Critical pressure, 29 
Critical temperature, 29 
Cryolite, 230 
Crystallization, 51 
Crystolon, 199 
Cubic centimeter, 7 
Cubic space lattice, 72 
Cuprous oxide. 215, 129 
Curium 
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Current, electric, conduction of, 72, 
74, 231 

Cyanamide process, 144 
Cyclotron, 133 

D 

Dalton, John, 4 
Deacon process, 93 
Decomposition, definition of, 19 
double, 81 

Dehydration, definition of, 47 
of foods, 42 
of gypsum, 47, 245 
by sulfuric acid, 123 
Deionized water, 250 
Deliquescence, definition of, 48 
examples of, 48 
Denatured alcohol, 190 
Density of gases, relative, 109 
Deoxidizer, 225 

Destructive distillation, 145, 183 
Detonators, 157 
Deiilerium, 131 
Deuteron, 132 

Deviation from gas laws, 29 
Diabetes, 215 
Diamond, 168 
Diastase, 189 
Diatoniaceous earth, 196 
Dichlorodifliioromethane, 100, 148 
Diesel fuel, 184 
DiiTraction patterns, 72 
Diffusion, law of, 25 
Digestion of foods, 132 
Disaccharides, 189 
Disinfectants, 94 
Displacement, 86 
Dissociation, electrolytic, 73 
Distillation, 44 
destructive, 145, 183 
fractional {see Fractional distillation) 
Distribution, law of, 55 
DObereiner, 125 
Dolomite, 238 
Double decomposition, 81 

Dough, 254 
Dowmelal, 232 
Drier, 206 


Duralumin, 232 
Duriroii, 196 
Dynamite, 156 

K 

I'^lfectivc coiu't'iilration, 78 
Enioresceiice, definition of. 18 
Electric current, conduction of, 71 
Electric furnace, products of, 169, 
199, 226 
types of. 169 
I’Mrctric steel, 226 
Electrical conductivity, 72, 231 
Electrolysis, of aluminuin oxi<le, 231 
of water, 14. 36 
Electrolytes, 72 
classes of, 76 
conductivity of, 74 
freezing jioints of, 75 
Electrolytic dissociation, 73 
Electromotive series, 38, 86 
Electron, 68 
h3ectron aci'eptor, 88 
Electron donor. 88 
Electronic formulas, 87 
Electronic symbols. 70 
EU*ctrons. gain and loss of. 71 
sharing of, 71 
l^lectrostatic forces. 73 
Electrovalent compounds, 71 
Element, definition of. 1 
Elements, classification of. 125 
number of known. 129 
tracer, 131 

trunsnuitation of, 131, 13.1 
Emery cloth, 199 
Empirical ft)rmula, 9, 110 
l£miilsificati*>n, 191 
Emulsions, 51 
Eml point, 83 
Endothermic reaction, 18« 

bhiergv, 5 
lui/.ymes, 189. 190 
Kepmtions, balancing of, 16 
chemical, 10 

ionic (sre Ionic e(pjalion>l 
ionization, •«, *9 
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Kqiiations, sk<‘let<ni, lo 
t luTnux liemiccil. I 
{Sec <ilso Fortmilas) 

J-'qiiilihrintn, i haiacIcrisHcs «»f. 19 
coiidifions favoring:, 61 
Kquivalriil weight, of a»i<ls, bases, 
salts, 57 
definition of, 39 

experimental determination of, 10 
in normal solution, 56 
Ester, 152, 191 
Esterifieation, 152, 191 
Etching of glass, 100, 202 
Ethanol, 189 
Ethyl alcohol, 189 
Ethyl gasoline, 100 
Ethvlene dibromide, 100, 179 
Ethylene glyeol (Prestoiie), use of, in 
radiators, 55 
Ethylene series, 178 
Eva{>oration, 18 
Exothermic reaetion, 31 
Expansion, eoellieient of, 24 
Explosives, 151-158 

F 

l‘'ajans, 87 

i'amilies of ^•!em('nts, 126 
l-'ats, 191 

I'ehling's solution, 189, 215 
I'eldspar, 198, 230 
Fermentation, 189 
Ferric ferrtH->anid(', 229 
Ferric thioevanate, 229 
I‘'erroehr<^me. 235 
l*'errosilieon, 196 
Eerrous ferrieyanide, 229 
Ferrous sulfate, 229 
Ferrous suMidi*, 2 
Fertilizer formulas, 166 
Fertilizers, 163-167, 251 
Fiber glass, 201 
Filtration, 13 

Fire exiinguishrr. Pyrene, 61 
Fireworks. 255 
Fixing, 210 

Hanie test, for calcium, 251 
for sodium. 251 


Mint, 196 

Flowers of sulfur, 11 I 
Fluorine, preparation of, 102 
properties of, 99 
Flux. 61. 100, 220 
Foods, cdassiluaition of, 192 
composition of, 193 
dehydration of, 42 
digestion of, 132 
Fool’s gold, 113 
Formaldehyde, 186 
Formic acid, 172 
Formula weight, calculation of, 6 
examples of, 5, 104 
Formulas, chemical, 5, 8, 68 
electronic, 87 
empirical, 9, 110 
graphic, 178 
molecular, 9, 110 
structural, 177 

{See (iLso Equations) 

Fractional distillation, of air, 14, 1 10 
of petroleum, 183 
Fractionation, 110 
Francium, 129 
Frasch, Herman, 114 
Frasch process, 113 
Freezing points of solutions, 55, 75 
Freon, 100 

in refrigeration. 23, 118 
research on, 128 
Fuels. 173, 181 
Full ionic etpiations, 80 
Fuller's earth, 151 
Fungicides. 100. 112, 121 
Furnace, electric, 169, 199. 226 
Fusible alloys, 20 1 

G 

Galena. 113. 205 
Galvanized iron, 237 
Gangne, 213 
Cianister, 198 
Garrn't. 198 
Gas, analysis of, 182 
blast-furmaa’. 221 
e<.al, 1 15, 183 
mustarrl. 95 
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Gas, natural, 36, 177 
perfect, 29 
producer, 174 
sneeze, 95 
tear, 95 
water, 36, 175 
Gases {See also Gases) 

Gas calculations, 27, 182 
Gas laws, 23-25 
deviations from, 29 
Gas masks, 95, 168 
Gas producer, 174 
Gases, compressibility of, 30 
elastic collisions of, 30 
in industry, 23 
inert (sec Inert gases) 
kinetic theory of, 29, 31 
liquefaction of, 29 
properties of, 23, 30 
rare, 136 

refrigerating, 23, 144, 148 
relative density of, 109 
relative volumes of, 104, 106 
solubility of, 54 
specific gravity of, 109 
{See also Gas) 

Gasoline, ethyl, 100 
Gay-Lussac’s law, 105 
Gems, 234 
Germicide, 64 
Glass, 200-202 
etcliing of, 100, 202 
water, 196 
Glucose, 189 
Glycerin, 55, 152, 191 
Glyceryl stearate, 191 
Glycine, 192 
Goiter, 100 
Goldschmidt, 87 
Graham, 25 
Gram, 7 
Gram mole, 6 

Gram njolecular volume, 107 
Gram molecular weight, 107 
Graphic formulas, 178 
Graphite. 168 

Groups of elements, in periodic tabh*. 

126 

Gunpowder, black, 155 


Gypsum, 113, 215 
dehydration of, 47, 245 

H 

Haber process, 145 

Halide salts, reat'tion with silver 

nitrate, 103 

Hall, Charles M., 230 

Hall-lleroult. process, 230 

Halogen acids, stability of, 102 

Halogen family, 92, 99, 125 

Halogens, 99-103 

atomic structure of, 102 

displacement series of, 101 

ociairrence of, 99 

preparation of, 102 

properties of, 99 

uses of, 100 

Hard waters, 245-248 

Harkins, 125 

Heat exclianger, 139 

Helium, 141 

atomic structure of, 69 

uses of. 136, 111, 142 

Hematile, 218 

Ilenrv's law. 5 I 
% 

Heptane, 181 

Heroiill, Paul. 230 

Hooker cell, 66 

Human blotxl, pH of, 89 

Human body, percentage of water in. 12 

Humidity. 137 
Hydrate, definition of. 17 
Hydrated lime, 211 
Hydrates, examples of, 16 
Hydration, 234 
of ions, 76 

Hydnaarbons, 177-182 
classilication of. 1*8 
coinlnislion of, 181 

(■racking of, 183 
definition of, 177 
g(*n(Tjd formulas for, 1 * * 
saturated, 178, 1 i9 
sirucfina! formulas for, 17. 
nnsaturated, 178, 1 .9 
uses of. 180 
HNdroc hlori<- acid. 62 
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Hydrofluoric acid, 100 
Hydrogen, 33-38 
atomic, 33, 34 
atomic structure of, 69 
chemical properties of, 33 
industrial production of, 36 
isotopes of, 131 
laboratory preparation of, 36 
occurrence of, 33 
physical properties of, 33 
uses of, 35 

Hydrogen chloride, 59-62 
chemical properties of, 62 
preparation of, 59 
tests for, 63 
Hydrogen Ion, 82, 88 
concentration of, 88 
Hydrogen sulfide, 116-118 
chemical properties of, 117 
ionization of, 117 
occurrence of, 116 
physical properties of, 116 
preparation of, 117 
test for gas, 118 
use of, in analysis, 118, 237 
Hydrogenation process<*s, 35 
Hydrolysis, of a salt, 85, 233 
ionic equations for, 85 
of starch, 189 
Hydrometer, 63 
Hydroniurn chloride, 62 
Hydronium ion, 82, 87 
Hydroquinone, 209 
Hydrous oxide, 233, 236 
Hydroxides, definition of, 66 
properties of, 19 
Hydroxyl ion. 82 
Hypo, 123. 210, 255 
Hypochlorous acid, 92 

I 

Ice, 3 

Immiscible liquitls, 54 
Incomplete combustion, 118, 181 
Incomplete double decomjKJsition, 81 
Indicators. 63, 83 

color changes of, and pH, 90 
Indigo, bleaching of, 94 


Inert gases, 140-142 
of atmosphere, 136 
in periodic table, 126 
properties of, 140 
structure of, 140 
Inhibitors, rust, 20, 56 
Ink, 169 

Insecticides, 100, 161, 167 
Insolubility, 52 
Interionic attractions, 79 
Inversion, 189 
Invert sugar, 189 
Iodine, 99-101 

preparation of, 102 
properties of, 99 
reduction of, 121 
tincture of, 100 
Iodine-starch test, 93 
Iodoform, 100 
Ion, definition of, 70 
Ion exchange, 249 
Ionic compounds, 71 
Ionic equations, for displacement, 86 
for double decomposition, 80 
full, 80 

for hydrolysis, 85 
simple, 81 
Ionization, 73-79 
Ionization equations, 77, 79 
Ions, charges on, 76 
colors of, 75 
hydration of, 76 
solvated, 87 
symbols for, 76 
Iron, 218-223 
alloys of, 228 
burning of, 18 
cast, 221 
galvanized, 237 
occurrence of, 218 
pig. 222 

reactions of, 18, 228 
reactions of ions of, 228 
rusting of, 18, 232 
wrought. 222 
Iron ores, 218 
Iron pyrite, 113 
Iron-silicon alloys. 36, 196 
Isobutane, 180 
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Isomerism, 179 
Isomers, 179 
Isomorphism, 232 
Isooctane, 184 
Isotopes, of carbon, 132 
of chlorine, 132 
definition of, 131 
of hydrogen, 131 
of lead, 131 

J 

Javelle water, 94 

K 

Kaolin, 198 
Kiln, 198, 242 
Kilogram, 7 

Kinetic theory of gases, 29, 31 
Knock rating, 184 

L 

Lacquers, 152 
Lactose, 189 
Lambda sulfur, 114 
Lamp, sodium-vapor, 253 
Lampblack, 168 
Lavoisier, 10, 12, 14 
Law, Avogadro’s, 105 
Boyle’s, 23 
Charles’s, 24 

of conservation of mass, 12 
of constant composition, 10 
of diffusion, 25 
of distribution, 55 
Gay-Lussac’s, 105 
Henry’s, 54 
mass, 89 
of octaves, 128 
of partial pressures, 24 
of partition, 55 
periodic, 128 

Le Chatelier’s principle, 146 
Lead. 204, 205 
isotopes of, 131 
Lead acetate paper, 118 
Lead arsenate, 206 


I^ad azide, 158 

i^ad chamber process, 122 

Lead chromate, 236 

Lead iodide, 54 

Lead oxides, 14, 15, 205 

Lead-plate storage cell, 206, 207 

Lead tetraethyl, 206 

Level, 68 

Lewis system, 88 

Lignin, 188 

Lime, 242 

slaking of, 24t 
Lime mortar, 244 
IJme sulfur spray, 112 
Limestone, 242 
Linear polymer. 186 
Linseed oil, 206 
Liquefaction, of air, 14, 139 
of gases, 29 
Uquid air, 139, 140 

fractional distillation of, II, 110 
products of, 140 
IJquid-air machine, 139 
Liquids, immiscible, 54 
miscible, 54 
Liter, 7 

Litliopone, 206 

Litmus indicator solution, 83 

Litmus paper, 19 

Lockyer, 1 11 

l»wry, 87 

Lubricants, 112 

Lucite, 185 

M 

Magnalium, 232, 210 
Magnesia, 241 
Magnesite, 238 

Magnesium, 2, 18, l‘>5. 23., 238 
Magnesium alloys. 210 
Magm*sium <-arl)<»nate, 211 
Magnesium chloride. 61 
Magnesium hyilroxide, 10. 210 
Magm'siiini oxide. 2. 238 
Magiu‘siiim sulfates 211 
Magnetite, 218 
Maltose, 189 

Manganeses in alloys, 228 
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Manganest* dioxide, as catalyst, 15, £0 
as oxidizing agent, 96 
Manometer, 25 
Mass, of an atom, 68 
Mass law, 89 
Mass speclrograpli, IHl 
Makhes, 112, 162 
Mayow. 13 
Meerschaum, 198 
Mendelyeev, D. I., 125 
Mercurial barometer, 25 
Mercuric chloride, 61 
Mercuric fulminate, 158 
Mercuric oxide, decomposition ot, I I, 15 
Mercurous chloride, 61 
Mercury, 211 
fulminate of, 212 
reactions of ions, 212 
Metallurgy, 173 
of aluminum, 230 
of chromium, 235 
of copper, 213 
of iron. 220 
of lead, 205 
of magnesium, 238 
of mercury, 211 
of silver. 208 
of /iiic. 237 
Metals, 201 

alkali. 126. 212 
alkaline earth, 126, 212 
reactions of. with acids, .37 
with bases, 38 
with oxygen, 18 
with steam, 37 
with water, 36 
re<‘ognilion c)f, 19 
Meter, 7 

MethaiK* series, 178 

Methanol. 190 

Methvl alctihol. 190 
% 

Methvl metIuuTvIate, 185 
Metric system, 7 
Mica. 198 

Midgley Thomas, 128 
Milk of magnesia. 210 
Milk of sulfur, 117 
Milligram, 7 
Milliliter, 7 


Miscible liquids, 51 
Mixtures, 3 

Modern periodic tabic, 130 
Molar concentration, 89 
Molar solutions, 56, 58 
MoIas,ses, 189 
Mole, 6, 47, 55, 107 
Molecular formula, 9, 110 
Molecular weight, 5, 9, 104 
determination of, 108 
Molecules, 1. 30 
cohesion of, 31 
Monel metal, 215 
Monoclinic sulfur, 114 
Monosaccharides, 189 
Morley, Edward, 42 
Moseley, 125 

Moseley atomic numbers, 127, 128 
Motion-picture films, 152 
Motor fuels, 183 
Mu sulfur, 114 
Mustard gas, 95 

N 

Natural gas, 36, 177 
Negative cataly.st, 20 
Nelson cell, 65 

Neon, use in electri<^ signs, 142 
Neoprene rubber, 93 
Neptunium, 129 
Nessler's reagent, 212 
Neutralization, 66 
definition of, 82 
ionic equations for, 82 
Neutron, 69, 132 
Newlarids, 125 
Nitrating agent, 153 
Nitric acid, 151-151 
industrial uses of. 151 
laboratory preparation of, 152 
manufacture of, 152 
as oxidizing agent, 153 
proper I i«‘s of, 152 
reactions of, 153 
Nilri<’ oxide, 151 
Nitrides. 143 
Nitrobenzene, 153 
NitrcMelluloso, 151 


INDEX 


271 


Nitrogen, 113, 1 1 1 
acids of, 159 

chemical properties of, 143 
fixation of, 114- 
occurrence of, 113 
oxides of, 151 
Nitrogen dioxide, 151 
as catalyst, 122 
Nitrogen family, 159-161 
Nitrogen tetroxide, 151 
Nitroglycerin, 151, 153, 156 
Nitrous oxide, 151 
Noneleclrolytes, 72 

Nonmelals, reactions with oxygen, 18 

Nonvolatile solute, 56 

Normal solutions, 56, 57 

Normal sulfates, 59, 120 

Normal sulfites, 120 

Normality, 83 

Nuclear structure, 68, 131 

Nucleus, 68, 69, 131 

Nutrition, 192 

0 

Ocean water, composition of, 51 

Octane number, 181 

Octaves, law of, 128 

Oil flotation, 213 

Olefin series, 178, 179 

Oleic acid, 190 

Oleum, 122 

Opal, 196 

Open-hearth process, 225 
Orbit, 68 
Organic acid, 190 
Organic chemistry, 179, 187 
Osmium, 128 

Oxidation, definitions of, 19, 97 
Oxidation-reduction, 97 
Oxides, acidic, 18, 62, 221 
basic, 18, 62, 221 
definition of, 13 
Oxidizing agents, 96 
Oxyacetylene welding torcii, 181 
Oxygen, 10, 13-18 
chemical properties of, 18 
history of, 13 

industrial preparation of, 14 


Oxygen, laboratory pn'paralion of, 1 1 
mole(Uile of, 106 
physical properties of, 17 
structure of, 68 
lest for, 11 
uses of, 13, 23, 45 
Ozone, 20 

P 

Paints, 206 
Palmitic acid, 190 
Parkes process, 208 

Palladium, solubility of liydrogcn in, 33 
Paper, 188 
Paraflin series, 178 
Paris green, 167 
Partial pressures, law of, 21 
Partition, law of. 55 
Pentane, reaction witli chlorine, 60 
Percentage composition, 6 
Perfect gas, 29 
Periodic law, 128 
Periodic system, 125 
Periodic table, ISIcndelyeev plan, 127 
modern plan, 130 
use of. 128 

Permanent hardness, 215 
Permutit jjrwess, 219 
Petroleum, 183, 181 
pH, 88-90 

definilions of, 90,i 91 
pH meter, 89 
pH si'ale, 88 
Phenol. 153, 186 
Phenol[)hthjilein, 83 
Phosgene, 95 

Phosphate salts, tests for, 163 
types, 163 

Phosphoric acid, formation of. 19 
ionization of, 162 
salts of, 163 

Phosphorus, allotropic* forms, 162 
coiTif)ounds of, 160 
production of, 162 
red. 162 
white, 162 

Phosphorus pi'Utoxidc, 18 
Phosphorus trisuHide, 112, 161 


272 


GENERAL AND APPLIED CHEMISTRY 


Photography, 209 
Photosynthesis, 171, 187 
Physical changes, 2 
Pickling, 86 
Picric acid, 151, 153 
Pig iron, 222 
Pigment, 206 
Plaster, 245 

Plaster of paris, formation of, 47, 245 

uses of, 47, 245 

Platinum catalyst, 122, 152 

Platinum wire, 2, 251 

Plexiglas, 185 

Plutonium. 129, 135 

Polariscope, 189 

Polarized light, 189 

Polymerization, 185 

Polvsuirules. 119 
% 

Portland cement. 198, 234 
Positive catalyst, 20 
Potash, 161 

Potassium, flame test for, 251 
reactions of, 36 
Potassium chlorate, 14, 15, 96 
Potassium chloride, 64, 255 
Potassium dichromate, 96 
Potassium hydroxide, 255 
Potassium iodide, 100 
Potassium permanganate, 96 
Pottery, 198 
Pound mole, 6 

Pound molecular volume, 107 
Powder, smokeless, 155 
Precipitate, 60 
Precipitation, 80 
Pressure, barometric, 25, 137 
critical. 29 
standard, 26 
Prestone, 55, 93 
Priestley, Joseph, 13 
Printing, 210 
Producer gas, 17 t 
Propane, 179 
Proteins, 116, 162, 192 
Protium, 131 
Proton, 69. 87, 132 
Proton acceptors, 87 
Proton donors. 87 
Prussian blue, 229 


Ptyalin, 189 
Puddling furnace, 222 
Purification of water, 43, 168 
Pyrene fire extinguisher, 64 
Pyrethrum, 100 
Pyrosulfuric acid, 120, 122 
Pyroxylin, 151 

Q 

Qualitative analysis, 204, 230 
Quartz, 196 
Quenching, 228 

R 

Radical, definition of, 21 
examples of, 21 
RadioactiWty, 131, 132 
Radium, disintegration of, 133, 242 
Ramsay, 141 
Rare gases, 136 
Rayleigh, 141 
Rayon,112 

Reacting volumes of gases, 104, 106 
Reacting weights, 2, 10 
Reactions, chemical {see Chemical 
reactions) 

Red phosphorus, 162 
Reducing agent, 35 
Reducing .sugars, 189 
Reduction, of copper compounds, 213 
definitions of, 20, 97 
of iron ore, 218 
of lead oxide, 205 
Refrigerating gases, 23, 144, 118 
Refrigeration, 147 
cycle of, 147 
Refrigerator, 148 
Relative density of gases. 109 
Relative humidity, 137 
Relative volume of gases, 101, 106 
Retort, 152 
Reversible changes, 48 
Reversible chenucal reaction, 49, 60 
direction of, 60 
hydraulic analogy of, 61 
Rhombic sulfur, 114 
Roasting, 205, 213 
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Rubber, synthetic, 93, 185 

vulcanization of, 112 

Ruby, 234 

Rust inhibitors, 20, 56 
Rusting, 18, 232 

S 

Saltpeter, Chile, 152, 254 
Salts, basic, 161 

equivalent weight of, 57 
examples of, 38 
properties of, 82 

Salts containing sulfur, tests for, 118, 
124 

Sand, 196, 2-14 
Sapphire, 234 

Saturated hydrocarbons, 178, 179 
Saturated solutions, 52 
Scavenger, 225 
Scheele, 14 
Sedimentation, -H 

Series of elements, in periodic table, 126 

Siemens-Martin, 226 

Silica, 196 

SiUca gel, 197, 233 

SiUcates, 197, 198 

SiUcic acids, 196, 197 

Silicon, 195 

Silicon carbide, 169, 196, 199 
Silicon dioxide, 195, 196 
Silicon-iron alloys, 36 
SiUcon tetrachloride, 64 
Silver, 208, 209 
Silver bromide, 100, 209 
Silver chloride, 100, 209 
Silver iodide, 100, 209 
Silver nitrate, 62, 103 
Simple ionic equations, 81 
Skeleton equation, 15 
Slagging, 213, 220 
Slaked lime, 24i 
Smelting of ores, 113, 213 
Smoke screens, 64 
Smokeless powder, 155 
Sneeze gas, 95 
Soaps, 190, 248, 255 
Soda ash, 253 
Soda lime, 180 


Soddy,125 
Sodium, 252 

flame test for, 251 
properties of, 75 
reaction of, with oxygen, 18 
with w'ater, 36 
Sodium amalgam, 211 
Sodium bicarbonate, 251 
Sodium carbonate, 14-1, 196, 218, 253 
Sodium chloride, 61, 72, 253 
Sodium hydroxide, 10, 36, 66, 253 
Sodium hypochlorite, 93 
Sodium iodate, 99 
Sodium metaaluminate, 232 
Sodium nitrate, 152, 251- 
Sodium oleate, 248 
Sodium palmitate, 248 
Sodium peroxide, 10 
Sodium stearate, 218 
Sodium sulfate, 255 
Sodium thiosulfate, 123, 210 
Sodium-vapor lamp, 253 
Sodium y.incate, 237 
Softening of water, 45, 248-250 
Solder, 201 
Soldering, 200 
Soluhility, 52 
of gases, 5-t 
of solids, .53 
Solubility rules, 77 
Solubility-temi>eraturc curves, 53 
Solute, 51, 56 
Solutions, 51-58 
antifreeze, 56 
boiling point of, 56 
characteristics, <»f 51 
concentrated, 56 
cone(*ntration of, 56 
defmilion of, 51 
dilute, 56 
examples of, 51 
fre(‘zing |>oiul-s of, 55, <5 
molar, 56, 58 
normal, 56, 57 
saturat«‘d, 52 
standard, 83 
slamlard s(»ap, 2 |8 
snpcrsalurate<l. 52, ;>.l 
uosaturalcd. 52 


274 


GENERAL AND APPLIED CHEMISTRY 


Solutions, VHp(»r pressure of, r>6 
Solvated ion. 87 
Solvay process, 253 
Solvtuit, 51 
Sr)r<‘nsen, 88 

Specific gravity, 63, 109, 207 
Spectra, 69 

Spectrograph, mass, 131 
Spectroscope, TO 
Sphalerite, 113, 237 
Sponge, 196 
Stalactite, 216 
Stalagmite, 216 

Standard conditions, 9, 27, 107 

Standard pressure, 26 

Standard soap solution, 218 

Standard solution, 83 

Standard temperature. 27 

Starch, hydrolysis of, 189 

Starch test for iodine, 93 

Steam, reactions of, with metals, 37 

Stearic acid, 190 

Steel, 223-228 

Storage batteries, 123, 206, 207 
Stoves, 218 
Stratosphere, 25, 136 
Structural formulas, 177 
Styrene, 185 

Subgroups of elements, in j)eriodic 
table, 126 
Substance, 3 
Sucrose, 189 

Sugar, dehydration of, 123 
Sugars, classification of, 189 
Sulfate salts. 123 
Sulfates, normal. 59, 120 
Sulfide minerals, 113 
Sulfide salts, tests for, 118 
Sulfite process, 188 
Sulfites, normal. 120 
Sulfur, 112-116 

allotropic forms, 11-t 
chemical properties of, 116 
extraction of, 113 
industrial uses of. 112 
occurrence of. 113 
physical properties of. 111 
reaction with oxygen of, 18 
Sulfur dioxitle. 120, 121 


Sulfur dioxide, chemical properties of, 

121 

physical properties of, 120 
preparation of, 120 
in refrigeration, 23 
uses of, 121, 118 
Sulfur monochloride, 61, 112 
Sulfur trioxide, 120 
Sulfuric acid, 120-123 

chemical properties of, 123 
dehydrating property of, 123 
manufacture of, 121 
physical properties of, 123 
uses of, 59, 123 

Sulfurous acid, formation of, 19. 120, 

121 

Superphosphate, 123, 165 
Supersaturation, 51 
Suspensions, 55 
Sylvite. 255 
Symbols, 5, 70, 76 
Synthetic rubber, 93, 185 

T 

Tar, coal, 115, 183 
Tear gas, 95 
Technetium, 129 
Temperature, absolute, 24 
centigrade, 2-1 
critical. 29 
Fahrenheit, 21 
standard, 27 
Tempering of steel, 228 
Temj>orary hardness, 215 
Tetrammino copper ion, 216 
Thermite process, 232 
Thernioc hemical equation, 3-1 
Thyroxin, 100 
Tile, 198 

Tin, riH'Overy of, 93 

Tin chloride, 61 

Tincture of iodine, 100 

Titration. 83 

Toluene. 153, 157 

Tracer elements, 131 

Transition point. 11 1 

Transmutation of elements, 131, 133 

Trinitrotoluene, 151, 153, 15« 
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Tritium, 131 
Trunnion, 224 
Tungsten, 129, 228 
Turnbull’s blue, 229 
Turpentine, 92 
Tuyeres, 218 

U 

Unsaturated hydrocarbons, 178. 179 
Unsaturated solutions, 52 
Uranium, 129, 135 
Urine analysis, 215 

V 

Vacuum, 25 

Valence, definition of, 21 
Valence bonds, 179 
Valence electrons, 70 
Valence numbers, 21, 126 
Vanadium, 228 
Vanadium pentoxide, 122 
Vapor pressure, 28 
definition of, 45 
table of, 258 

Vegetable oils, hydrogenation of, 35 

Vermillion, 212 

Vinegar, 190 

Vinyl chloride, 186 

Vinyl resins, 186 

Vitamins, 192 

Vitriol, blue, 216 

Volumes of gases, relative, 101, 100 
Vorce cell, 65 

Vulcanization of rubber, 112 

W 

War gases, 95 
Washing soda, 253 
Water, 42-16 

chemical properties of. 16 
chemical trealineiit of. II 
composition of, by volume. 12 

by weight, 42 


Water, of crystallization, IT 
deionized, 250 
displacement of, 21 
dislillulion of, 11 
distilled, 14 
electrolysis of, 14, 36 
filtration of, 43 
hard. 215-248 
Javelle, 91 

ocean, composition of, 51 
pressure of vapor, 28, 137 
purification of, 43, 168 
reactions of, with metals, 36 
softening of, 15, 248-250 
uses of, in engineering, 42 
Water gas, 36, 175 
Water glass, 196 
Weights, reacting. 2, 10 
Weiglit to volutm* calculations, 109 
W elding. 200 

Welding torch, oxyaeetylene, 181 

Whetstones. 109 

\\ hite lead, 205 

White phosphorus, 162 

W ood alcohol. 190 

Wood's metal, 201 

W rough! iron, 222 

X 

X rays, 72 

Y 


Zeolite, 198. 219 
Ziiu-. 237 

reactions of icnis. 2 ' 1 « 

Zinc amnninia complex ion, 23T 

Ziia* chloride. 6 I 

Zini’ liytlroxide, 23 4 

Zinc o\id<‘. 23 1 

Zonile. 9 I 

Zvmase, 189 
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